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THE AMINO ACID REQUIREMENTS OF TWENTY-THREE 
LACTIC ACID BACTERIA* 


By MANX 8S. DUNN, 8. SHANKMAN, MERRILL N. CAMIEN, 
HARRIETTE BLOCK 


(From the Chemical Laboratory, University of California, Los Angeles) 


(Reeeived for publication, August 17, 1946) 


Microbiological procedures which are convenient and readily adaptable 
to routine assays have been described for nearly all of the commonly oe- 
curring amino acids. Although six strains of lactic acid bacteria! have been 
emploved in the determination of amino acids, it seemed desirable to study 
the nutritional requirements of other organisms and, if possible, to make 
available additional assay procedures. Twenty-three strains of lactic 
acid bacteria have been investigated in the present work. 

The amino acid requirements of numerous strains of lactic acid bacteria 
were studied by Orla-Jensen ef al. (2) in 1936. Since that date, there have 
been comparable investigations of Leuconostoc mesenteroides P-6O0 (3), 
Streptococcus salivarius (4), Streplococcus faecalis R (4-6), Lactobacillus 
plantarum (7), L. buchnert (8), L. mannitopoeus (8), L. lycopersici (8), 
L. delbriickii LD5 (9), L. arabinosus 17-5 (10-12), L. casei € (13), and 
L. fermenti 36 (14). 

In the present work, it was desired to determine the response when the 
lactic acid bacteria were cultured on a basal medium containing the types 
and concentrations of nutrients which would promote rapid and abundant 
acid production. It was anticipated from earlier experiences that the 
requirements of an organism for a given nutrient, established under such 
conditions, would not disappear or change in the presence of substances 
introduced during the assay of a test material. It has been found generally 
true that microbiological methods which depend for their specificity on 
basal media which lack metabolites, or have suboptimal concentrations of 
essential factors, are likely to be unreliable and of limited utility. 


* Paper 29. For Paper XXVIII in this series see Dunn and Rockland (1). The 
subject matter of this paper has been undertaken in cooperation with the Committee 
on Food Research of the Quartermaster Food and Container Institute for the Armed 
Forces. The opinions or conclusions contained in this report are those of the authors. 
They are not to be construed as necessarily reflecting the views or indorsement of the 
War Department. This work was aided by grants from the American Home Products 
Company, Merck and Company, Inc., the Nutrition Foundation, Inc., Standard 
Brands Incorporated, and the University of California. 

1 Leuconostoc mesenteroides P-60, Streptococcus faecalis R, and the lactobacilli 


arabinosus 17-5, casei e, delbriickii LD5, and fermenti 36. 
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AMINO ACID AND LACTIC ACID BACTERIA 


EXPERIMENTAL 


The response of each organism listed in Table II, at 35° * and trom 5 to 7 
incubation times, on the complete basal medium given in Table I, and on 
the same medium with each of the amino acids omitted in turn, was 
measured by titrating the combined solutions from duplicate tubes with 
0.020 to 0.035 n NaOH in the presence of about 0.7 mg. of brom-thymol 
blue indicator. The total volume of medium per tube was 1 ml. per 3 inch 
test-tube or 1.5 ml. per 4 inch test-tube. The inocula were prepared by 
growing the organism 24 hours on the medium given in Table I, except that 
an acid hydrolysate of 7.5 gm. of casein was substituted for all of the amino 
acids other than cysteine, norleucine, and tryptophane. The cells were 
centrifuged and resuspended in a volume of sterile saline equal to 3 times 
that of the medium in which they were grown. Each tube was inoculated 
with approximately 0.1 ml. of this cell suspension. The basal medium 
and the inoculum were transferred to the tubes with the aid of the Brewer 
automatic pipette (Baltimore Biological Company). Prior to inoculation 
the tubes of medium were autoclaved for 5 minutes at 15 pounds in racks 
each containing 330 tubes covered with a closely fitting cap made from 
three layers of toweling. After tubes were removed from the incubator, 
growth was arrested by steaming the rack of tubes for 15 minutes at 100°. 
The experimental results are shown in Tables II to LX. 


DISCUSSION 


The composition of the basal medium employed in the present experi- 
ments is given in Table I. It was expected that this medium would be 
reasonably satisfactory, since it contained four constituents (choline, 
inositol, pyridoxamine, and pyridoxal) in addition to those present in media 
used previously for the quantitative determination of a number of amino 
acids. A further possible improvement in nutritional quality was effected 
by increasing several-fold the concentrations of total vitamins and amino 
acids. 

That this medium is not fully optimal for all strains of lactic acid bacteria 
is evident, since it did not permit any growth of Lactobacillus acidophilus 
(4357) or of Lactobacillus plantarum (8008). As shown in Table II, the 
rate and amount of acid production over incubation periods ranging from 
6 up to 143 hours were relatively high only for Leuconostoc citrovorum 
(8081), Leuconostoc mesenteroides P-60 (8042), and the lactobacilli pentosus 
(124-2), brassicae (8041), arabinosus 17-5 (8014), delbriickit LD5 (9595), and 
casei « (7469). Acid production was moderately good with all other 


* Selected because the rates of acid production were higher than those observed at 
28° and 40° for some of the lactic acid bacteria. 
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strains except Lactobacillus buchnert. The response of fourteen of the 
organisms was further tested by measuring acid production in media 
containing 0.1 and 0.25 times the concentration of total amino acids and 
vitamins given in Table I. The results of these experiments are given in 
Table III. The rate and amount of acid production observed in the origi- 


TaBLe I 
Composition of Basal Medium* 


Constituent Constituent 

mg. perl mg. perl 
dl-Alanine 667 Uracil 12.0 
Asparagine, natural 667 Xanthine 12.0 
1(+-)-Arginine- HCl 667 Dextrose 20,000 
l(—)-Cysteine- HCl 667 Sodium acetate 12,000 
1(+)-Glutamie acid 667 Ammonium chloride 6,000 
Glycine 667 KH,PO, 500 
l(—)-Histidine-HC1-H,O 667 K,HPO, 500 
l(—)-Hydroxyproline 667 MgSO,-7H,O 200 
dl-Isoleucine 667 FeSO,:7H,O 10 
l(— )-Leucine 667 MnS0O,-4H,0 10 
dl-Lysine- HCl 667 NaCl 350 
dl-Methionine 667 Thiamine hydrochloride 1.0 
dl-Norleucine 667 Pyridoxine 1.6 
dl-Norvaline 667 Pyridoxamine-2HCl 0.10 
dl-Phenylalanine 667 Pyridoxal- HCl 0.10 
l(—)-Proline 667 dl-Calcium pantothenate 2.0 
dl-Serine 667 Riboflavin 2.0 
dl-Threonine 667 Nicotinic acid 2.0 
dl-Tryptophane 667 Biotin 0.005 
l(—)-Tyrosine 667 p-Aminobenzoic acid 0.10 
dl-Valine 667 Folic acidt 0.005 
Adenine sulfate-2H,O 13.8 | Choline chloride 10.0 
Guanine-HCl-2H,O 13.0 | Inositol 25.0 


* All of the amino acids except proline and hydroxyproline were of c.r. or higher 
quality. Freedom of the constituents of the basal medium from contamination by 
amino acids other than norleucine and norvaline was shown conclusively by micro- 
biological methods. The final solution was adjusted to pH 6.8. 

t Product described previously (15). 


nal medium were significantly lower for all of the organisms in the medium 
containing one-tenth the total amino acids and vitamins. In the medium 
containing one-fourth the total vitamins and amino acids the rate of acid 
production was lower for all strains except Lactobacillus lycopersici (4005), 
Lactobacillus fermenti 36 (9338), Lactobacillus mannitopoeus, and Lacto- 
bacillus gayonii (8289). In all but a few cases, maximum acid production 
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was essentially the same in the two media. Although it seemed probable 
that the nutritional quality of the original medium could be improved, 


Il 
Rates of Acid Production — 


Organism * | Ml. of acidt 


. mesenteroides (S82 93)t.. (10) 8.2 (25) 9.0 9.6 (52), 9.9 (99) 
. citrovorum (7013)t..... [2-5 (10)/8.2 (24)| 9.7 (52 9.9 (74)) 9.1 (98) 
. citrovorum (797)t......... 1 (10)7.9 (30)) 9.1 (52)! 9.5 (74)) 9.0 (98) 
mesenteroides (9135)}.......... (9) 8.4 (29)) 9.2 (50) 9.6 (73)) 9.1 (98) 
. dextranicum (S086)$.......... 12.0 (10) 8.2 (30), 9.5 (52), 9.4 (74)) 9.6 (98) 
. pentosus 124-2§......... 3.6 (11) 9 (22) 12.2 (BO) (FS) 17.2 (97) 
. brassicae 2.9 (8)/9.9 (21))12.2 (29)}15.5 (53)]17.2 (77) 
. buchneri4,|| ... . (24)10.5 (48)] 1.5 (91)) 3.1 (142) 
. arabinosus 17-5 (SO14)t.. 1.9 (6)/7.9 (12))14.5 (22)'16.9 (55))17.0 (79) 
. citrovorum (23))2.8 (29)) 3.8 4.4 (73)! 4.5 (98) 
. lycopersici (4005)f,|| (25)|2.9 (49)| 8.7 (73), 9.1 (92)| 9.0 (143) 
deztranicum (8358). .......... (23)| 5. (73); 5.5 (98) 

4 7 

7 


(50)| 9.3 (73)! 8.8 (98) 


l 

dextranicum | (9)17.9 (29)) 9. 

fermenti 36 (9338) 0.7 (7)j3.1 8.9 8.5 (56)) 8.6 (80) 
. mannilopocusG, |j.............. 0.0 (10)16.0 (20)) 8.6 (28) 8.7 (52)) 8.6 (76) 
. delbriickii LDS (9595) t, ** (23))10.5 (41) 16.0 (64))16.1 (134) 
(16))3 (23))11.8 (41) 16.2 (64) 15.6 (134) 
. gayonit (8289), |]..............10.4 (10))3.5 (25)) 4.8 (31)| 8.2 (52)) 8.1 (75) 
. faecalis R (8043)§..............|2.5 18) (26)} 6.4 (50), 8.0) (74)) 8.4 (93) 

cttrovorum (8081)%............. 1.8 (9) 8.4 2Z3)/11.8 13.2 (73) 18.1 (GS) 
. pentoaceticus 0.0 (10)'2.2 (19)} 4.2 (28) 6.9 8.7 (76) 
. mesenteroides P-60 (S042)§. 1.0 (10) 7.0 (24))12.1 (52) 14.9 (74) 14.6 (9S) 
. brevis (8257), |]......... po 3 (19); 2.6 5.4 (51) 7.4 (75) 


* The pumbe ‘rs in parentheses are those given by the American Type ‘Culture 
Collection. 

ft Given as ml. of 0.01 N NaOH to titrate 1 ml. of final solution. The values have 
been corrected for the blank titration. The numbers in parentheses refer to the 
incubation time in hours. 

¢t Obtained from the American Type Culture Collection. 

§ Obtained through the courtesy of Dr. E. E. Snell. 

|| Subecultured twice monthly on Bacto-tomato juice agar (Difeo). Other or- 
ganisms subcultured twice monthly on Bacto-yeast-dextrose agar (Difco). 

€ Obtained through the courtesy of Dr. V. H. Cheldelin. 

** Obtained through the courtesy of Dr. J. L. Stokes. Both cultures behaved 
identically in a large number of experiments. 


especially for some of the organisms, it was considered to be sufficiently 

high to make worth while the determination of essential amino acids. 
Maximum acid production by each of the twenty-three organisms was 

measured in the basal medium from which each of the twenty-one amino 
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Organism 


. pentosus 124-2 
. brassicae (SOA1) 


buchneri 


arabinosus 17-5 (S014) 


. lycopersicé (4005) 


. fermenti 36 (0338) 


mannitopoeus 


delbrickii LDS (9505) 


casei 


gayonti (S289) 


. faecalis (S043) 


. pentoaceticus (367) 


mesenteroides P-60 (S042) 


. brevis (8257) 


Taste Ill 


Rates of Acid Production on Media Containing Three Concentrations of Total Amino 


Acids and Vitamins 


ium | 

0.1 (6) 
0.25 3.4 

1.0) 4.4 
0.1;1.9 (6) 
0.25) 2.1 

1.0} 4.2 

0.25, 1.3 

1.0; 1.9 
0.113.0 (6) 
0.25) 4.0 
1.0) 5.6 

0.1 | 4.1 (21) 

0.25 4.7 

1.0) 5.5 

O.1} 2.1 (6) 

0.25) 2.3 

1.0/2.9 

0.1 8.0 (21) 
0.25 10.4 

1.0 110.7 

3.2 (16) 

0.25) 3.7 

5.9 

0.1 | 2.¢ (16) 
0.25) 3.1 

1.0 | 5.0 

0.1 | 5.6 (21) 
0.25 7.6 

1.0 | 7.6 

0.1 | 1.8 (18) 
0.25) 3.8 

1.0 $.1 

0.1 | 2.1 (16) 
2.9 

1.0 | 5.0 

0.1 | 4.1 (21) 
0.25 8.2 

1.0 10.9 

0.1 1.4 (7) 

0.25 1.6 

‘1.0 1.6 


M1. of acidt 


6.8 (22)| 9.4 (30) 


11.2 13.3 
14.8 16.0 
5.0 (22) 5.9 (30) 
9.3 11.0 
14.2 15.8 
2.0 (27) 4.0 (96) 
2.1 4.1 
2.6 4.4 
8.8 (22) 10.0 (30) 
10.6 12. 
17.5 IS.7 
5.5 (29)) 6.8 (50) 
10.1 
8.5 10.7 
7.2 (22)| 7.7 (30) 
10.9 10.5 
10.9 10.5 
8.9 (20) 10.2 (50) 
10.2 10.3 
10.6 10.4 
4.7 (24)| 9.2 (44) 
6.2 11.7 
10.3 16.2 
4.2 (24)) 9.1 (44) 
5.4 10.6 
8.3 15.2 
6.2 (29)| 7.6 (50) 
9.1 10.5 
9.7 10.9 
2.6 (26)) 2.8 (44) 
4.7 6.3 
6.4 8.5 
2.3 (24) 3.3 (44) 
3.9 5.1 
6.6 
4.6 (29)| 7.1 (50) 
9.4 12.7 
13.2 15.4 
2.4 (27) 3.0 (48) 
3.4 4.7 

8.9 


10.4 
15.8 


(50) 


(71) 


(70) 


(51) 


(70) 


(65) 


(65) 


(70) 


(65 


(65 


~" 


(70) 


11.1) (71) 
17.0 
IS.1 
8.1 
14.8 
18.6 
5.0 (146) 
5.5 

6.0 

16.0 (LIS) 
18.0 
8.4 


(71) 


(118) 


11.0 


(71) 


(118) 


10.2 
13.8 (112) 
18.2 
18.7 
14.1 
18.3 
18.6 
7.9 (IIS) 
10.2 
10.5 
4.5 (112) 
7.0 
10.2 
5.2 (112) 
7.5 
10.3 
9.1 (118) 
14.3 


(112) 


L 
7.2 (51)| 
13.4 | 
4.5 (120) 
1.9 
| 5.3 
| 14.5 
17.2 
19.2 | 
7.6 
| 11.0 
| 10.8 10.5 
| 10.6 10.5 
| 10.5 11.0 
04 
10.3 9.9 
10.7 | 
14.5 | 
IS.5 | 
1.6 
13.5 | 
| 
5.0 
11.1 
36 
6.8 | 
9.4 
3.3 
6.5 | 
10.4 | 
13.7 
16.8 16.8 
3.4 (96)| 3.4 (96) 
5.7 
| 10.5 10.2 
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TaBLeE I[I—Concluded 


* The media contained 0.1, 0.25, and 1.0 times the concentration of total amino 
acids and vitamins given in Table I. Crystalline folic acid obtained from the 
Lederle Laboratories through the courtesy of Dr. 8. M. Hardy was employed in 
these media in place of the folic acid concentrate referred to in Table I. 

t Given as ml. of 0.01 n NaOH to titrate 1 ml. of final solution. The numbers in 
parentheses refer to the incubation time in hours. 


TaB_Le IV 
Mazimum Acid Production in Media Lacking Amino Acid* 
mesenteroides L.citrovorum L. citrovorum  L.mesente- | L. dextranicum 
(8293) | (7013) ) (797) roides (9135) (8086) 
Amino acid absent from ‘aes 
Volume |Volume| |. | | an. 
NaOH Time NaOH Time ores Time ume Time NaOH Time 
mil. hrs. mil. hrs mil. hrs. ml. | ars. mil. Ars. 
Glutamic acid. ........ 1.9; 75) 1.6) 7411.6; 50; 1.1) 74 
1.2 9) 1.2) 74 74:0.56 73) 0.6) 52 
Isoleucine............. 9.4 99!) 6.7) 98 98'1.9 73) 0.9) 98 
5.3) 92 | 9.4! 114/| 7.8] 114] 9.2); 114 
Methionine............ 5.8; 99) 6.3; 98 | 4.8; 74)4.4) 73] 98 
Tryptophane .......... | 9.8; 9.7); 7459.5! 73] 9.5] 98 
| 9.6| 9.3) 5219.8| 5216.6] 73] 9.4] 52 
Histidine ..... 8.5 | 8.5 | 74 | 8.1] 7419.5] 7 8.3 | 98 
Threonine............. 10.1; 99) 9.4) 74 7419.5) 73) 9.8) 98 
Phenylalanine... ..... 10.1) 74 |9.6| 73) 9.4) 52 
9.8; 52); 9.7 | 74 | 9.7 73 9.6) 98 
9.9; 52) 10.0; 7419.7) 7 9.9} 52 
Asparagine 9.8; 52; 9.8; 52 9.6) 98 
Norleucine...... ..... 9.8; 52) 10.0; 7419.9 | 7419.6; 73) 9.6; 
Hydroxyproline ........ 9.8; 52; 10.2) 7419.9| 7419.8; 73) 10.1} 74 
Norvaline .............| 9.6] 9.8 | 74 19.8) 74:9.5| 9.5)! 52 
Control ..... 9.9 9 99, 74°95 74'9.6) 73) 9.5 52 


* The acid production is given as ml. of 0.01 N NaOH to titrate 1 ml. of the final 
solution. The values have been corrected for the blank titration. The values shown 
in bold-faced type of less than one-fourth the maximum control titration are 
considered to be indicative of essential amino acids. Since the inocula were un- 
usually large, relatively high blank titrations were not unexpected. According to 
the observation of Virtanen and Karstrém (16), glucose is fermented by cells per se 
even in the non-living, dried state. 


acids had been omitted in turn. The results of these experiments are 
shown in Table IV. The microorganisms are arranged in order of their 
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fastidiousness for the amino acids, and the latter are listed approximately 
in order of their indispensability for the strains tested. For Leuconostoc 
mesenteroides (8293), the least fastidious strain, only glutamic acid and 
valine were essential, while Lactobacillus brevis (8257), the most fastidious, 
required fifteen amino acids. Glutamic acid and valine were required by 
all of the organisms, while isoleucine was essential for all but three and 


TaBLe IV —Continued 


a L. L L. L. aradi- | L. citro- L. lyco- 
Amino acid absent from medium = 
Sie | 53 Sie | §3 

hrs.) ml. | hrs.| ml. | ml. | hrs.) ml. | hrs.) mi. | hes. 
Glutamic acid............. 100} 0.1] 142} 1.6) 100] 2.4} 150] 98 | 0.0} 143 
80} 0.0) 142) 0.4, 80) 1.7) 0.5) 98 | 0.0) 143 
Isoleucine. ......... 100} 0.0) 142) 0.6) 100) 2.0) 150) 0.4) 98 | 0.0) 143 
100} 0.0) 142) 0.9) 100) 2.2) 150) 0.1) 66 | 0.0) 143 
Methionine................ 80] 0.6) 142/14.8| 80} 4.4] 55] 1.3] 73 | 4.5] 143 
80} 3.0) 142/17.1; SOj12.6) 55) 98 |10.0) 143 
Tryptophane.............. 80| 2.9] 142|16.6| 2.7; 80] 1.0] 98 | 9.1] 92 
100} 0.0} 142) 2.1) 100/15.1) 55) 4.5) 98 | 0.1) 143 
80} 3.3) 142)/17.3) 55) 0.6) 98 92 
80} 2.9) 142)16.4| 80)16.6) 55) 3.1) 98 | 9.5) 92 
Phenylalanine............. 80} 3.0) 142/17.1) 55 98 | 9.4) 92 
Tyrosine 80} 3.3) S8O/14.0) 55) 4.3) 98 | 9.5) 92 
80} 3.0] 142|17.3] S0]17.1| 55] 3.5] 98 9.6 92 
Asparagine................ 80] 0.1) 142)17.3) 55) 3.8) 98 | 0.1) 143 
80} 3.4] 142/17.1| 55} 3.11 98 | 9.4) 93 
in 141} 2.8) 142/17.1) 140 3.6) 98 | 9.4) 112 
80; 2.7) 142/17.0;) 55) 3.7) 98 | 0.1) 143 
141} 2.7} 140/16.7; 140) 3.6) 98 | 9.6) 64 
80} 3.2} 142)17.2) 55) 4.3) 98 | 9.1) 92 
Hydroxyproline............ 3.1) 142)17.4) SO)17.0) 55) 4.2) 98 | 9.4) 92 
80; 3.0) 142)17.2; SO)17.1) 55) 4.1) 98 | 9.4) 92 
sik wane 80) 3.1; 142)17.2; 100)17.0) 55) 4.5) 98 | 9.1) 92 


leucine for all but four strains. The number of strains which required 
each of the following amino acids are shown in parentheses: methionine 
(10), arginine (10), tryptophane (13), cysteine (12), histidine (9), threonine 
(6), phenylalanine (7), tyrosine (8), glycine (4), aspartic acid (4), lysine 
(4), serine (2), and alanine (3). Norleucine, norvaline, proline, and hy- 
droxyproline were without pronounced effect on acid production by any 
of the microorganisms. If any other constituents of the basal medium 
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were contaminated with one or more of these four amino acids, the non- 
essentiality observed for the latter would be invalidated. The quality of 
the amino acids employed in the present experiments is indicated in the 
foot-note to Table I. 

That norleucine and norvaline were found to be non-essential was not 
unexpected, since these amino acids may not exist in protein materials. 
Because the essentiality of proline and hydroxyproline might not have been 


TaBie IV —Continued 


Amino acid absent from medium = = 

mi. hrs. ml. | hrs.) ml. ml. | hrs | mi as. ml | hes 
ecid............. 0.9.97 0.7 500.8 56) 0.0 146 0.0 144) 0.0) 150 
0673 0.56 0.5 0.1 146 0.1 144) 0.0 150 
Isoleucine... ... | 1.6 73 0.5, 50 0.6 56 0.0 146, 0.4) 144, 0.0, 150 
1.0 66 0.4 1140.6 56, 0.2 146 0.1) 144, 0.0 150 
Methionine. .... 2.2 73 | 2.2 0.4 sO 0.1 5211.8 03, 16.8) 150 
& | 9.6 72) 9.1 23) 0.2 146) 1.1 0.9 
Tryptophane............. | 4.5) 73 | 0.8) 72.0.6 56; 0.2 146 1.6 144 1.2, 150 
1.2) 97 | 0.8) 72.9.1 56) 9.1) 76) 2.6 144, 2.2) 150 
1.350 0.7 50, 6.0 SO) 9.0 611.2 9315.5) 150 
Threonine. ...... 1.1) 50 7.1; 72) 9.1 80) 9.1) 76/16.2) 93)17.9] 150 
Phenylalanine.............| 3.5] 73 4.4 720.5 56 0.1 146 3.5) 93) 5.5) 150 
Tyrosine..................| 4.8) 73 7.0) 72.1.1 S80) 0.5 52) 4.2) 144) 8.9) 150 
Glyeine....................] 6.0} 73 | 9.7) 72) 9.5, 23) 9.0) 5216.7, 93/180) 150 
Asparagine.......... 6.2) 73 9.2) 72.9.1 23) 9.0 5217.5, 93)17.7) 150 
5.8) 73 | 9.2) 72, 9.0 23) 9.0) 5213.5) 93)17.4) 150 
Serine....... 3.8) 50 8.0) 72) 9.0 116) 9.8) 115, 0.6 137) 1.8) 141 
6.8) 739.0 8.7 56 9.0 46/13.) 16.8, 150 
Proline....................) 4.4) 73 9.2) 72) 9.1 116) 9.8, 115 15.5) 137)16.8) 141 
6.1) 7 72) 9.1 23) 8.8) 5212.7, 9317.1 1) 
Hydroxyproline............ 6.1 73 9.3 72.9.0 23 5212.5 17.3 
Norvaline. ....... 5.9) 73 | 9.1) 50) 9.4 23) 9.0) 5012.2) 9317.4) 150 
6.1) 73 9.3) 72, 9.0 23 8.7, 5212.7, 9817.2) 150 


exhibited in the experiments described, further studies were made of these 
amino acids. This problem was of particular interest because it had been 
found earlier (3) that proline was essential for Leuconostoc mesenteroides P-60 
grown in a basal medium of different composition than that employed in 
the present experiments. The requirements of all of the organisms were 
reinvestigated, therefore, with the basal medium given in Table I, but 
modified to contain no proline and hydroxyproline or markedly lower 
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concentrations of these amino acids. The rates of acid production by 
six of the microorganisms on four types of modified media are shown in 
Table V. The experimental data for seventeen of the strains were not 
included in Table V, since the rates of acid production were not altered 
significantly even with both proline and hydroxyproline absent from the 
basal medium. Significant amounts of acid were formed by Lactobacillus 
lycopersict (4005), Leuconostoc dextranicum (8359), Lactobacillus pento- 


Taste LIV —Concluded 


— 


Ss. L. L. pento- | L. mesen- . 

Amino acid absent from medium | 

| hers.| mt. | hes. | mt. | kes.) mt. | hes mt. | hes. | mt. | bes. 
Glutamic acid... 0.4 99 0.2) 16S 1.0 a8 | 0.5; 94) 0.4) 74 | 0.0) 169 
0.4 ag 0.4 168, 0.9 7 0.1 170 74 | 0.0) 169 
Isoleucine ..............| 0.8) 52 | 0.6 168) 1.0) 9S 0.0) 170) 0.4) 74 | 0.0} 169 
Leucine... 0.1 66 0.4 168) 1.2) 92. 0.1) 170) 0.4) 92 | 0.0} 169 
Methionine ..... 0.5, 52 0.9 168; 3.9 73. 1.2) 170) 3.5) 74 | 0.2) 169 
0.3) 52 0.9 168/-1.1) 9S | 0.5) 170} 0.5] 51 | 0.2) 169 
Tryptophane..... ........| 0.3) 52. 1.2) 93) 2.6) 98 0.7| 170] 1.2] 98 | 0.0] 169 
Cysteine .................. 9.0, 75 6.0) 93) 2.0) 73 | 0.4) 94) 1.7) 98 | 0.0} 169 
2.0 99 0.9 16S 9S | 0.7) 170) 1.0) 98 | 0.2) 169 
Threonine... .......... . | 3.91 99 0.4) 168) 0.7) 98 | 0.0) 170] 0.2] 98 | 0.0! 169 
Phenylalanine... ......._| 0.4) 52 | 5.6) 93) 2.0; 9S 1.2) 76) 3.7) 98 | 1.0) 169 
Tyrosine... ............. 0.4) 52. 1.9) 168) 3.7) 98 | 2.0) 170) 2.8) 98 | 1.2) 169 
9.2) 75 2.9) 168} 1.8 98 2.0) 170) 2.2) 98 | 1.0) 169 
Asparagine ...............| 9.0} 75 | 8.1) 93) 4.7] 98 | 5.6) 76] 74 | 0.4] 169 
Lysine....................| 8.6 0.5) 168'11.7] 73 | 0.9! 170] 0.6! 98 | 0.01 169 
Serine.....................| 9.1} 52 | 3.5) 137] 4.5] 98 | 8.4] 139/10.7| 98 | 4.9] 140 
Alanine....................| 8.4] 75 | 1.4] 168) 1.2) 98 | 5.6) 76) 7.9] 98 | 4.2) 75 
8.5} 52 8.7) 93)14.1] 73 | 8.5] 76)14.7| 98 | 6.4] 75 
Hydroxyproline............ 9.3) 75 93 13.3 9S 8.7) 7614.9) 98 7.1) 75 
Norvaline.................| 9.3} 52 | 8.1} 93/14.3| 98 | 9.0! 76/14.2] 98 | 6.4] 75 
8.2 2 9313.2) 73 8.7) 76)14.9) 74 | 7.4) 75 


acelicus (367), and Leuconostoc mesenteroides P-60 (8042), even in the 
absence of both proline and hydroxyproline, although acid was produced 
more slowly by the last two than the first two strains. Acid production 
was delayed by the last two organisms when proline alone was omitted 
from the medium. ‘The slow rate of acid production by Leuconostoc citro- 
vorum (8081), and especially by Lactobacillus brevis (8257), on a medium 
with only proline aljsent may indicate either a slow synthesis of proline 
or the presence of small amounts of proline in the sample of hydroxyproline. 


410 outjoid Ou pourequoo WHIpeyy Jo BY} pus 


L°01 9°6 | 6°9 L’t 
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| (46) | (69) | Get | (OZ) I (1808) 
I's £'8 9°8 £°9 
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The eleven amino acids found to be essential for Lactobacillus fermenti 
36 (9338) on the medium given in Table I are the same as those reported 
earlier (14) to be required on a medium of different composition. It 
was shown previously (3) that seventeen amino acids were required by 
Leuconostoc mesenteroides P-60 (8042), but it has been found subsequently 
(unpublished data) that alanine, proline, and serine are synthesized after 
prolonged incubation on this medium. Similarly, alanine, glycine, proline, 
and serine are synthesized rapidly, while phenylalanine and tyrosine are 
synthesized slowly, on the present enriched medium. Isoleucine was 
shown to be essential for Lactobacillus caset ¢ (7469) on the present medium 
as well as that employed by Baumgarten ef al. (17). Since McMahan and 
Snell (18) found that isoleucine was not essential for the growth of Lacto- 
bacillus casei, it would appear that this amino acid was synthesized on the 
basal medium employed or, more probably, that the medium was con- 
taminated with isoleucine. It is of interest that Hegsted and Wardwell 
(19) have reported that some commercial samples of dl-leucine contained 
appreciable amounts of isoleucine. 

Twelve amino acids (glutamic acid, valine, isoleucine, leucine, methi- 
onine, arginine, tryptophane, histidine, threonine, tyrosine, lysine, and 
alanine) were found to be essential for Streptococcus faecalis R (8043) 
in the present experiments. With the exception of alanine and tyrosine, 
all of these amino acids are required by this organism, according to Snell 
and Guirard (20), Stokes et al. (5), and Greenhut et al. (6), although only 
seven of the amino acids were stated to be essential by the first authors, 
nine by the second, and ten by the third. Other amino acids which these 
workers considered to be essential were aspartic acid and serine (20), 
phenylalanine (5), and aspartic acid, serine, and cystine (6). It is of further 
interest that Streptococcus faecalis R was used for the determination of 
histidine by Baumgarten ef al. (17), threonine by Greenhut eé al. (6), and, 
except phenylalanine, all of the ten essential amino acids by Stokes et al. 
(5). Although it would appear from the foregoing discussion that Strep- 
tococcus faecalis R has amino acid requirements which vary with the com- 
position of the basal medium, it may be that some of the stated conclusions 
are vitiated because of unsuspected amino acid impurities. 

The amino acid requirements of Lactobacillus mannitopoeus, Lactobacillus 
lycopersici (4005), and Lactobacillus buchneri, determined by the present 
workers, were considerably different from those reported by Wood e¢ al. 
(8). It is difficult to ascertain the extent to which these differences may 
be due to the widely different composition cf the basal media, amino acid 
impurities in the nutrient substances, and differences in the strains of the 
organisms employed in the two laboratories. 

The amino acids given in bold-faced type in Table IV were essential up to 
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and beyond the incubation period required for maximum acid production 
in control experiments. Amino acids in this category are of particular 
interest because of the probability that they may be determined more 
accurately in biological materials than amino acids which are required 
by organisms only during more restricted incubation periods. It has been 
found worth while, however, to provide procedures for certain amino a: Is 
such as threonine (21), which could be determined with satisfactory ae- 
curacy only within the stated time of incubation. For this reason, the 
amino acid requirements of the organisms employed in the present ex- 
periments have been further investigated. Data representing the maxi- 
mum drop in acid production resulting from the omission of each amino 
acid in turn from the complete basal medium (Table I) are shown in Table 
VI. The gradations in partial amino acid requirements, which are in- 
dicated by these data, were not revealed by the-studies (Table IV) of 
maximum acid production. The times of incubation over which the amino 
acids, corresponding to the values (given in bold-faced type) for the maxi- 
mum drop in acid production, might be determined microbiologically are 
given in Table VI. In a limited number of cases, the omission of certain 
amino acids from the basal medium resulted in an increased rate of acid 
production without affecting the amount of acid finally produced. From 
the experimental results shown in Table VII, it may be concluded that 
these amino acids inhibited acid formation by the stated organisms. Al- 
though amino acid inhibitions occur infrequently in media of relatively 
high nutritional quality, they have been observed previously by Hutchings 
and Peterson (13), Dunn ef al. (3, 14), Shankman (10), MeMahan and 
Snell (18), and Snell and Guirard (20). In another type of inhibition, 
reported by Fox and coworkers (22, 23), excessive amounts of unnatural 
antipodes of certain amino acids inhibited the growth-promoting effects 
of the natural forms. 

It may be noted from the experimental results given in Tables II to IV 
and VI that there is little correlation between the nutritional properties 
of different organisms of the same species. For example, fifteen amino 
acids were essential for Leuconostoc mesenteroides P-60 (8042), but only 
two amino acids were required by Leuconostoc mesenteroides (8293). Of 
all the cultures studied, the only members of the same species which behaved 
similarly were Leuconostoc citrovorum (7013) and Leuconostoc citrovorum 
(797). On the other hand, the visible growth of Lactobacillus pentosus 
124-2 and Lactobacillus brassicae (8041), as well as the rate and amount of 
acid production by these strains, was almost identical on all of the basal 
media. Although acid production by Lactobacillus brassicae (8041), 
but not by Lactobacillus pentosus 124-2, was somewhat retarded when 
pyridoxine, pyridoxal, and pyridoxamine were omitted from the medium, 
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both organisms responded alike to the other vitamins (unpublished data). 
For these reasons, it was tentatively concluded that these strains probably 
were of the same species. 

Even more marked was the apparent similarity in the nutritional re- 
quirements of Lactobacillus delbriickii L.D5 (9595) and Lactobacillus casei 


TaBLe VI 
Maximum Drop in Acid Production Resulting from Omission of Amino Acid* 

mesente- citrovorum L. citrovorum| L. mesente- | L. dextran- 

roides (8293) | (7013) (797) roides (9135) | icum (8086) 
Amino acid absent from medium | 

Vol- Vol Vol- Vol- Vol- 

ume | Time| Time| Time! ume | Time ume Time 

“NaOH NaOH NaOH NaOH NaOH 

| ml. hrs. | ml. ml. | hrs ml. | hrs. | ml. | hrs. 
Glutamie acid... .... | 99 | 8.2) 7417.9) 7418.1) 73 | 8.4] 52 
Valine...................| 8.6 | 99 | 52 | 8.6) 7418.8] 73 | 8.8| 52 
Isoleucine. 4.3) 25 6.6) 24/63 24 7.6) 50 | 8.7) 52 
Leucine..................1 10.7 | 42 11.1 | 2612.6] @ 2 
Methionine............... 5.4| 31 | 30 | 2415.6] 29 | 6.2) 52 
| 25 0.6, 10 0.3) 10 | 3.1) 23 | 0.4) 24 
04 25,03) 10 24 23 0.5) 10 
0.6 31 £06, 10;0.8) 10 3D | 0.6); 10 
ca) 1.8 | 25 2411.7] 24 2311.9] 3% 
Threonine....... 3.7 | 25 | 30 24 23 | 3 
Phenylalanine ........... 25 | 5.1) 24 24 | 0.3 9 0.5); 10 
Tyrosine. ...... 0.8 10 0.6) 10 | 0.1 |) 24 | 0.4) 23 10 
Glycine...................|0.3 |} 25 10 24 |0.5/ 23 | 0.1) 10 
Asparagine 0.7 | 25 0.4) 24 10 | 7.8; 29 0.1) 10 
Lysine. (0.1) 25 0.2) 10 | 0.0 0.2) 23 | 0.6) 24 
Serine 11.2) 2610.9] 10 | 2411.1] 2 | 0.7) 24 
0.1 31 10 | 0.0 5.3 | 73 0.4) 10 
0.7) 25 24 | 0.5 24 | 0.6) 23 | 0.3); 24 
Norleucine..............., 0.1) 10 0.1 | 10 | 0.0 0.0 0.0 
Hydroxyproline...... O.1 | 26 10.3) 24 | 0.0) 0.2 23 0.0 
Norvaline........ 0.1} 25 10/00} | 0.0 (0.2) 10 


* Each volume of NaOH represents the maximum difference between the volume 
of 0.01 N NaOH required to titrate 1 ml. of final solution containing the complete 
medium and that with one amino acid absent. The values in italics (correspond- 
ing to those given in bold-faced type in Table IV) or in bold-faced type are at 
least two-thirds the maximum difference. 


« (7469). Not only were the rates and amounts of acid production, the 
visible growth, and the vitamin requirements (unpublished data) nearly 
identical on all of the media, but also the nearly quantitative similarity 
observed in the inhibitions (Table VII) by four amino acids was found only 
in these two of the twenty-three organisms studied. It seemed desirable 
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to investigate these strains further in order to supplement the nutritional 
studies of other workers. It was found (unpublished data) that both 
strains‘ responded identically in producing acid from lactose in 24 hours, 
in producing acid from mannitol in 48 hours, and in coagulating milk in 
72 hours. According to Bergey’s (26) classification, these tests should be 
positive for Lactobacillus casei but negative for Lactobacillus delbriickii. 
In view of these findings it appears probable that the cultures of these 


TasBLe VI—Continued 


Amino acid absent from medium | | i | 
| | 69 | eo! Ss 
ml. Ars. | ml. | Ars.) mil. | hrs. mil. | hes. | mil. | Ars. | ml. | hrs 
Glutamic acid. ............ 15.7, 8016.6, 80 | 2.9 14215.5 60 4.0 73 9.2 92 
16.8, 100 16.8 80 | 3.4 14216.2 3.9 73, 9.2 92 
16.7, $016.9 80 | 14215.8 60 3.8) 9.6 49 
16.4, 8016.8 80 | 14215.7 60 | 2.6) 114. 9.4 49 
Methionine................ 6.9 22) 9.7) 30 | 2.4) 14218.0 40 3.0 9s 7.1 73 
22) 5.5) 20 | 0.4) 14210.8 20 3.6, 73 3.9 73 
Tryptophane.............. 2.0, 11) 1.0) 0.5 9115.0, 60 3.3, 73 0.5 73 
15.1, 10016.1| 80 | 3.4) 1429.4) 20 0.2) 9 9.1 92 
0.9 110.6 8| 0.2 1.61 14 | 3.7] 731 1.7! 49 
0.5) 11) 5.9) 20 | 0.2) 142 4.1 16 | 1.8 50 2.9) 73 
Phenylalanine............. 1.7] 11) 1.4) 8 | 0.2) 142 7.9 20 0.2) 0.1) 25 
0.6 110.2) 8} 0.2) 91 5.9 20 0.4) 0.0 
Glycine. .. 1.6, 5.5, 20/ 91 12 1.4) 73 0.5) 49 
Asparagine................ 0.2) 1111.7) 8 | 3.2 142 2.9 12) 1.2) 29 9.2, 92 
0.6 11/0.6 0.4! 24 2.4) 12) 1.3) 29) 0.7, 73 
1.4. 3.4 20/ 0.5) 142 0.8! 20 1.0 29 0.6 24 
0.1 220.1) 1.1) 1420.5 12 0.6 50 9.2) 92 
0.0 0.6 20 | 0.4) 142 1.0 20 1.8 29 0.2) 24 
Norleucine................ 0.0 0.0 0.5 910.0 (0.2, 230.1) 25 
0.5 10.4 8/00 0.8 12 0.7 90.1 449 
Norvaline................. 04 1/04 810.1 910.4 12 0.1 230.1 


— 


organisms represent closely similar, if not identical, varieties of the same 
species. It is of interest in this connection that the identity as Lactobacillus 
casei of organisms described in the literature as Lactobacillus delbriickti 


? Comprehensive reviews have been given recently by Knight (24) and by Peter- 
son and Peterson (25). 

‘Two cultures of Lactobacillus delbriickii LD5 (9595), one obtained from Dr. J. L. 
Stokes and the other from the American Type Culture Collection, responded identi- 
cally in the nutrition experiments. 
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LD5 and Lactobacillus bulgaricus 05 has been established by taxonomic 
studies reported recently by Rogosa (27). It was found with authentic 
strains of these organisms that, unlike Lactobacillus casei, neither Lacto- 
bacillus delbrickii nor Lactobacillus bulgaricus grew in defined media con- 
taining all known B vitamins and amino acids. 

Stokes and Gunness (28) encountered some difficulties in obtaining 
data as highly accurate as might be desired in determining aspartic acid 


TaBLeE VI—Continued 


L. dex- L. dex- L. fer- L. del- 
Amino acid absent from medium = | | 

mi | Ars. | mi. hrs.| ml. hers. | mil. | Ars. ml | Ars. ml. | hrs. 

5.2 73 8.6 73 8.6 23 8.7 28 7 93 |17.2) 150 
5.3 73. 8.7 73 | 8.6 23 | 8.9 28 |12.8) 93 |17.0) 150 
73. 73 | 8.5, 23 9.0 28 12.6. 93 |17.1) 150 
5.4, 114 8.6 42 | 8.8 23 | 8.9, 28 93 |17.1) 150 
73 6.9 73 | 23 | 8.7) 28 | 1.1) 7410.5) 
2.9) 23 0.7) 23 | 8.1) 23 | 8.7) 28 (12.0) 93 |16.1| 150 
Tryptophane .............| 1.3) 73) 8.2) 73 | 8.6) 23 | 8.7; 28 93 |15.7| 150 
Cysteine...................| 73) 8.4) 73 | 2.9) 23 | 8.1) 28 \11.1) 93 |14.7| 150 
4.8) 73) 8.5) 73 | 8.4) 23 | 8.2) 28 | 1.5) 93 | 1.5) 150 
Threonine....... 73) 3.0) 23 | 8.6) 23 | 8.9) 28 | 0.0 0.1; 18 
Phenylalanine. ............ 73) 4.9) 50 | 8.6) 23 | 8.9 28 | 9.2) 93 |11.5) 150 
1.1) 73{ 2.5) 29 | 8.2) 23 | 8.4) 28 110.0, 93 |13.1| 150 
0.4, 23 | 0.1) 12 | 1.9) 28 | 0.0 0.5: 30 
Asparagine................| 0.0 0.6; 23 | 0.0 2.2; 20 | 0.4, 25 | 2.4 5B 
Lysine.....................| 0.1} 9} 0.3) 23 | 0.1) 12 | 2.5; 20 0.2) 26 | 0.2) 18 
2.0 73> 2.2) 23 0.1) 28 | 0.2) 28 (12.1137 16.6 116 
0.0 0.2) 23 | 3.0) 23 28 0.1) 18 
23) 0.4) 23 1.2 19 | 0.0 0.2; 24 0.4 28 
Norleucine. ............... 0.0 0.3 23 | 0.0 1.0 20 | 0.4 25 5O 
Hydroxyproline............ 0.0 0.1 23 | 0.4 12 | 0.0 0.4 25 53O 
| 0.0 0.1 9 0.2 7 0.1) 20 | 0.6; 73 | O 4 50 


and serine with Lactobacillus delbriickii LD5 (9595), with a basal medium 
essentially the same as that on which Hutchings and Peterson (13) found 
these amino acids to be essential for Lactobacillus caset «. Although 
evidently these amino acids are required under some conditions for the 
growth of Lactobacillus casei e« (and hence the strain, referred to as Lacto- 
bacillus delbriickii LD5), the requirement at least for aspartic acid is non- 
specific, since good growth on the present medium resulted in the absence of 
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aspartic acid and asparagine, and inhibitions occurred in the presence of 
asparagine. In searching for the essential substances which may have been 
lacking in the medium employed by Stokes and Gunness and by Hutchings 
and Peterson, it was ascertained that neither acid nor visible growth was 
produced up to 64 hours incubation when both uracil and asparagine were 
omitted from the enriched medium. Incubation up to 134 hours was re- 
quired before either acid or growth was observed. The omission of uracil 


Taste Vi—Concluded 


S. fae-  L. citro- pento- L. mesente-. 


ml. hes.) ml. hrs. ml. hrs hers. ml. hers. mf. 
Glutamic acid. 7.8 527.7 74 12.3 73 | 8.5 76 14.4 74 7.5 75 
7.9 52 7.7 74 12.1) 73 | 8.9 76 14.2 74 7.6 75 
7.6| 52 | 7.6| 74 (12.1 73 | 8.7, 76 (14.2, 74 | 7.5, 7 
8.266 7.7, 74 12.0, 73 8.7 76 14.0 74) 7.4 75 
Methionine................ 7.652) 7.1) 74.) 9.1 73) 8.1 7611.2 74) 7.2 7 
7.6 52) 7.6 74 12.0 73 | 8.5 76 14.1 74) 7.47 
Tryptophane............. 7.6, 52 7.0 74 10.8 73 8.2 76 13.5 74) 7.4 7 
3.6 31 2.9 26 11.1 73 8.5 76 13.4, 74 7.5) 75 
7.8 52 7.1 TA 11.4 73 8.3 76 13.8 74 7.27 
7.3 52 | 7.7| 74 12.2) 73 | 8.9) 76 14.3) 74 | 7.6) 75 
Phenylalanine. ............ 7.6) 52) 4.4 26 11.5) 73 7.3 76 11.6 74 | 6.6) 75 
7.6 52 6.6 74 9.6 73) 7.7 76 12.3 6.5 75 
0.6 25 6.0 93 11.9 73 7.7 76 13.5 7.0 75 
Asparagine................ 0.0 (4.1 26 9.3 73 4.4 28 13.8 74 7.5 75 
Lysine. 0.5 31 7.6 74 1.4 8.7 76 14.0 TA 7.5 75 
0.5 25 6.2 40 9.2 73 6.1 42 6.4 52 6.6 67 
1.1 31 7.6 74 12.3 73 3.0 76 6.7 520 3.1 7 
0.6) 31 1.7 24) 1.6 4.1 420 1.2 24) 2.6 75 
Norleucine........... ....} 0.4) 31] | 0.0) | 0.8; 19 | 0.6, 24 | 1.0 75 
Hydroxyproline............ 0.6 31 1.4 18 0.1 23° 0.5 28 1.0 24 0.7 
Norvaline............ 04) 25° 0.9 26 0.1 23 0.6 28) 1.0 24 1.0 7 


alone had no effect on acid production. On the other hand, the omission 
of any other substance,® present in the enriched medium but lacking in 
that of the authors quoted, had no effect on the asparagine requirement. 
In a separate experiment, the basal medium was modified to contain 0.1 
times the original amounts of amino acids and vitamins. Under these 


’ Thiamine, p-aminobenzoic acid, choline chloride, inositol, pyridoxamine, pyri- 
doxal, guanine, uracil, xanthine, norvaline, and ammonium chloride. 
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conditions, Lactobacillus casei « and Lactobacillus delbriickii L.D5 showed a 
definite but partial requirement for asparagine over short incubation 
periods. A similar, but lesser, effect was observed for about half of the 
remaining organisms. Since all three cultures (two of Lactobacillus del- 
briickit LDS and one of Lactobacillus casei ©) behaved similarly, it was con- 
cluded that aspartic acid (or asparagine) is essential for Lactobacillus 
casei € only in the absence of uracil. 

It was stated by Hegsted (11) in 1944 that “the term ‘essential amino 
acid’ may have significance only in relation to the composition of the 
basal medium.’ The validity of this conclusion is recognized, although 
other variables, especially the incubation time, may be of equal or greater 
importance. Hegsted pointed out that of the eight, nine and ten amino 
acids found to be essential for Lactobacillus arabinosus 17-5, by Shankman 


Tasie VII 


Mazimum Increase in Acid Production Re sulting , from Omission of Amino Acid* 


L. citrevorum L. devtranicum L. | L. casei 
(797) (S358) LDS (9595) 4 (7469) 
Amino acid absent from medium | | 


Time ne | Time Time | | Time 
mi. | al. Ars. mil. hrs. 
Threonine.............. | 5.4 | 50 | 5.4 | 75 
| 2.9 | 50 | 2.4} 75 
O=<58 | | 05 | | &.7| 74 | 2.4] 
1.3) 50 | 0.9} 50 | 1.2] 51 


* Fach volume of NaOH represents the maximum negative difference between 
the volume of 0.01 N NaOH required to titrate 1 ml. of final solution containing the 
complete medium and that with one amino acid absent. 


(10), Kuiken et al. (12), and Hegsted (11), respectively, only six amino 
acids (cystine, glutamic acid, isoleucine, leucine, tryptophane, and valine) 
were listed as essential by all three authors. It seems significant that, of 
the six amino acids listed, all but one (cystine) has been found to be re- 
quired by Lactobacillus arabinosus 17-5 on the enriched medium employed 
in the present experiments, and that this amino acid was shown to be 
essential in two of the three laboratories referred to by Hegsted. On 
the other hand, cystine was required on the less complete media, but not 
on the enriched medium, while arginine and methionine were required on 
the enriched medium but only on one or two of the less complete media. 
That microorganisms have such definite amino acid requirements, even on 
media of widely varying composition, may explain in part why it has been 
possible to develop satisfactory microbiological assays for the determination 
of some amino acids in a relatively short time. 
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The conclusions that “the method of culture of the test organism is a 
very important factor in the response of the bacteria to the nutrients 
assayed”’ and that ‘“‘the culture method has an important réle in the produc- 
tion of successful microbiological assays” have been drawn recently by 
Nymon and Gortner (29) from their study of acid production by Lacto- 
bacillus arabinosus (8014) and Lactobacillus casei (7469). These authors 
found that the decreased linearity of response with added niacin, observed 
for cultures of Lactobacillus arab/nosus transferred every 3 or 4 weeks in 
yeast extract-dextrose agar, was overcome after a series of transfers through 
skim milk and subsequent transfers through nutrient-rich liver-tryptone 
broth. Since these investigations were limited to niacin, it does not follow 


Tasie VIII 


Rates of Acid Production for Siz Cultures of Lactobacillus arabinosus 17-5 (8014) 


Culture No.* | ML. of acidt 


(10) 


| 11.0 (24) 


(74) 


1 2.0 6) 12.2 (30) 15.6 (52) 

2 1.86) | 5.3 (10) | 11.6 (24) | 12.7 (30) 16.2 (52) | (74) 
3 0.8 (6) | 3.4 (10) 9.6 (24) | 11.1 (30) 14.8 (52) | 16.9 (74) 
4 6) | 4.4 (10) | 11.2 (24) | 12.6 (30) 16.0 (52) | 17.0 (74) 
5 | 1.4 (6) | 5.2 (10) | 10.8 (24) | 12.5 (30) | 16.3 (52) | 17.2 (74) 
6 0.7 6) | 3.9 (10) | 11.2 (24) | 12.5 (80) | 15.9 (52) | 16.8 (74) 


* All cultures of Lactobacillus arabinosus 17-5 (S014) were obtained from the 
American Type Culture Collection. The cultures have been maintained for more 
than 2 years as follows: Nos. 3 and 6 on Bacto-tomato juice agar (Difco), No. 2 on 
Bacto-proteose-tryptone agar (Difco), and Nos. 1, 4, and 5 on Bacto-yeast-dextrose 
agar (Difco). 

t Given as ml. of 0.01 N NaOH to titrate 1 ml. of final solution. The values have 
been corrected for the blank titration. The figures in parentheses refer to the 
incubation time in hours. 


necessarily that linearity of response would have decreased with other 
added vitamins or with amino acids. 

In the writers’ study of this problem, six different cultures of Lacto- 
bacillus arabinosus 17-5 (8014), obtained initially from the American 
Type Culture Collection, were carried for more than 2 years by weekly, 
or bimonthly, transfers on three types of nutrient media. The rates and 
amounts of acid production by these cultures in the complete basal medium 
(Table I) are shown in Table VIII. Although the amount of acid produced 
in 6 hours varied from 0.8 to 2.0 ml., the rates of acid production were 
such that acid production was nearly uniform from 30 to 74 hours. The 
maximum drop in acid production by these cultures, with each of the listed 
amino acids omitted in turn from the basal medium, is shown in Table IX. 
It may be observed that, under these conditions, the same four «amino 
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acids (glutamic acid, valine, isoleucine, and tryptophane) were essential 
for all six cultures of Lactobacillus arabinosus. There had occurred, there- 
fore, no apparent change in the response to these four amino acids of these 
six cultures of Lactobacillus arabinosus which had been carried as described. 
The further observation has been made that there has been no significant 
reduction in the precision and accuracy with which the stated four amino 


TaBLe IX 


Marimum Drop in Acid Production Resulting from Omission of Amino Acid for Siz 
Cultures of Lactobacillus arabinosus 17-5 (8014)* 


Culture 1 | Culture 2 | Culture 3 Gulture 4 | Culture 5 | Culture 6 
Amino acid absent from medium | | v= v= 

| | | | | eS 

> | i> |e i> | & i> | & 

mil. brs. | mi. | hrs. | ml hes. | ml. | hrs. ml. | hrs | mi. | hrs 
Glutamic acid. 18.6 74 13.4 52 15.7 74 14.3 74 13.3 74 16.8 74 
Valine. 14.8, 74 14.0 52 16.7 74 14.7 74 13.6 52 14.8, 74 
13.8 74 13.4 52 18.6 74 14.3 74 18.1, 52 16.8 74 
6.4 52 | 6.4 52 7.9 74 8.0 52 6.6 52 | 7.5 52 
Arginine ......... 24 3.6 10 | 5.8 30 | 4.1 24 | 4.0 10 | 6.1) 24 
12.7 74 12.7 52 14.6 74 18.1 74 |12.2 52 13.5 74 
3.7, 0 | 3.1) 24 | 7.5) 24 | 4.9 24 | 3.9 24 | 8.9] 24 
Histidine. 0.6, 6 | 0.6 10 | 1.3, 10 | 1.1) 10 | 1.6 10 | 2.1) 10 
Threonine... 2.0 10 | 2.3, 30 | 2.5 30 | 1.5) 10 | 2.1) 10 | 2.2) 24 
Phenylalanine ............| 2.6) 10 3.2 24 6.0 52 4.0, 30 | 3.2 10) 7.1 52 
Tyrosine 1.0 10 | 1.0, 24 | 1.3) 52 12 10 | 1.3 10 | 1.9 24 
Glycine....................| 2.5] 10 | 2.5) 10 | 2.1) 10 | 2.0) 10 | 2.4) 10 | 3.3) 24 
Asparagine... ........ 1.7) 10 | 0.9) 10 | 2.6 30 | 1.0, 10 | 1.6, 10 | 2.9 24 
Lysine....................| 0.3} 10 | 0.2} 10 | 1.0] 10 0.4, 10 0.7) 10 | 1.8) 10 
0.0 0.3 6 / 0.5 10| 0.8 10 
| 0.2 0 0.2 6 0.6 10| 1.1) 10 
Proline......... (0.4 6 1.3 10) (0.9 0.9 10 | 1.3, 10 
0.1 6) 0.0 0.8 10/ 0.6 10 1.4, 10 
Hydroxyproline ... . ..... 0.5 6 0.0 0.2 0.5 10 1.5 10 
0.1 6 0.0 0.7 10 0.3 10 0.5 10 1.3 10 


* See the corresponding foot-notes to Tables V and VIII. 


acids could be determined with Lactobacillus arabinosus over more than a 
2 year period. These results are not wholly in agreement with the con- 
clusions of Nymon and Gortner. 

On the other hand, the initial rate of acid production was slowest and 
the drop in acid production resulting from the omission of some acids 
(especially arginine, cysteine, methionine, and phenylalanine) from the 
medium was most marked, with Cultures 3 and 6, which had been carried 
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on tomato juice agar. Although there were quantitative differences in 
acid production by the six cultures of Lactobacillus arabinosus, the qualita- 
tive nutritional requirements were essentially alike. It seems probable, 
therefore, that the cultures of other organisms (Tables II to VII), which 
exhibited distinctly different nutritional requirements, represent separate 
varieties and, possibly, different species. It may be found desirable, 
therefore, to reclassify some of these organisms. 

While it would not be expected that the amino acids for which Lacto- 
bacillus aralinosus has only partial requirements cannot be determined 
entirely satisfactorily under the assay conditions so far reported, it seems 
probable that special conditions might be found under which such amino 


FIG! FERMENT! 


CC. 0.0374n NaOH 


acids could be determined with reasonable accuracy. The methods 
suggested recently for the determination of threonine (21) and _ histidine 
(30) are considered to be examples of procedures in this category. It 
was found that these amino acids could be determined satisfactorily after 
48 hours incubation, even though threonine was synthesized on the present 
medium after about 30 hours and histidine after about 50 hours (Fig. 1). 

Experiments are now in progress to determine the suitability of some 
of the microorganisms investigated in the present work for the determina- 
tion of some of the amino acids. 


* It is of interest that Kuiken et al. (12) carried their cultures of Lactobacillus 
arabinosus on tomato juice agar and that they added a tomato juice preparation to 
their basal media. 
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SUMMARY 


The response of twenty-three lactie acid bacteria grown in a basal medium 
of arbitrary composition has been determined. It has been found that 
acid production was not lowered significantly at levels of total amino 
acids and vitamins one-fourth those emploved initially, that the number of 
amino acids essential for the microorganisms ranged from two (glutamic 
acid and valine) for Leuconostoc mesenteroides (8293) to fifteen (exclusive 
of serine, alanine, proline, hydroxyproline, norleucine, and norvaline) 
for Lactobacillus brevis (8257), that certain amino acids were inhibitory 
for four microorganisms, that of the microorganisms investigated only 
Lactobacillus brevis (8257) required proline (except when excess hydroxy- 
proline was present) over incubation times up to 140 hours, and that there 
were variations of some significance in the response of six cultures of Lacto- 
bacillus arabinosus (8014) which had been maintained for more than 2 
years on three different culture media. It is considered probable that 
reasonably satisfactory assay procedures could be developed for each amino 
acid (except hydroxyproline, norleucine, and norvaline) with from one to 
twenty-three of the lactic acid bacteria. experimental studies leading to the 
possible development of new or improved procedures for the determination 
of certain amino acids are in progress. Evidence has been presented point- 
ing to the identity of Lactobacillus delbriichit LD5 (9595) and Lactobacillus 
casei (7469). 
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VITAMIN REQUIREMENTS OF TWENTY-THREE 
LACTIC ACID BACTERIA* 


By SHANKMAN, MERRILL N. CAMIEN, HARRKIETTE BLOCK, 
R. BRUCE MERRIFIELD, ann MAX 8. DUNN 


(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, August 17, 1946) 


The investigation of the amino acid requirements of twenty-three lactic 
acid bacteria, described in the preceding paper (1), was unique in that an 
exceptionally rich basal medium and a wide range of incubation times were 
employed in the determination of each amino acid requirement. It seemed 
desirable to extend this study to other nutritional factors, since there is 
need for additional information on the nutrition of organisms which might 
be employed in microbiological assays. This is indicated by the known 
interrelations between growth factors such as the replacement by alanine 
of the pyridoxine requirement of Streptococcus faecalis R (2), the synthesis 
of threonine in the presence of pyridoxal by Lactobacillus arabinosus 17-5 
(3), and the synthesis of aspartic acid in the presence of uracil by Lacto- 
bacillus casei ¢ (1). Further nutritional data might also be useful in 
identifying these organisms, since, for example, it was concluded from the 
preceding work (1) that Lactobacillus delbriickii LD5 had been classified 
incorrectly. Although the vitamin requirements! of numerous lactie acid 
bacteria have been extensively investigated, systematic studies of the re- 
quirements of all of the known vitamins on synthetic media of high nu- 
tritional quality and over a wide range of incubation times have not been 
attempted previously. The vitamin requirements of twenty-three lactic 
acid bacteria have been investigated in the present experiments. 


EXPERIMENTAL 


The organisms, the techniques, the experimental conditions, and the 
basal medium were the same as those given in the preceding paper (1), 
except that synthetic folic acid,? instead of a concentrate of this vitamin, 


* Paper 30. For Paper 29 see Dunn et al. (1). The subject matter of this paper 
has been undertaken in cooperation with the Committee on Food Research of the 
Quartermaster Food and Container Institute of the Armed Forces. The opinions or 
conclusions contained in this report are those of the authors. They are not to be 
construed as necessarily reflecting the views or indorsement of the War Department. 
This work was aided by grants from the American Home Products Company, Merck 
and Company, Inc., the Nutrition Foundation, Inc., Standard Brands Incorporated, 
and the University of California. 

' Comprehensive reviews have been given by Knight (4), Peterson and Peterson 
(5), and Snell (6,7). 

* Obtained from the Lederle Laboratories through the courtesy of Dr. 8S. M. 
Hardy. Although the organisms grew as well on the basal medium containing 
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was used in all of the experiments. The rate of growth of the organisms 
was determined in terms of acid production. The experimental results are 
shown in Tables I to IV. 


DISCUSSION 


The maximum amounts of acid produced by each organism on each type 
of medium at the indicated incubation times are given in Table I. The 
vitamins are listed in Table I approximately in order of their nutritional 
importance, as judged by the results of these experiments. The essential 
vitamins were considered to be those whose omission from the basal medium 


I 
Maximum Acid Production in Absence of Vitamin*® 

| $42 | | | $83 

ml. hrs. ml. | hrs.| ml. | hes ml. | brs. ml. a! hrs.) mb. | hrs.| ml.| hes 
Nicotinic acid....... 1.6120 1.3119 1.81191.6 461.6117 4.0164) 3.7 12310.6 89 
Pantothenic acid 2.1120 1.8119 1. -6/119 2. 7 1201.7 117 5.9 164) 4.7,123)1.3)160 
Folic 4.5120) 8.4119 5.1 1199. 6 465.0 7016.4 7116.3 764.5 160 
9.8 71) 9.7, 46/10.1 488. 2) 719. 5 70| 6.7 164) 6.2'123/1.7)160 
Riboflavin... 47, 9.6, 29) 9. 66.3 1204.311716.4) 7116.5 76 0.91160 
Thiamine......... 17.1120) 7.1. 70 41194. 6 714.8 $117 16.1 71|16.1} 
Pyridoxine... ... 9.5! 71| 9.6) 70 46.6. 2 1209.5 7016.1, 7113.4) 764.3/160 
p-Aminobenzoic acid.9.7| 72/10 9.1) 469.7) 719. 3 7016. 4 7116.7) 55.4.7/160 
71] 9.9 46 9.9 719.8 469.1 4616.1, 71/16.0123'4.6/160 


* Acid production given as ml. of 0.01 Nn NaOH to titrate 1.0 ml. of final solution 
per tube. The values are corrected for the blank titration. The figures given in 
bold-faced type are less than one-fourth the control titration. The vitamins cor- 
responding to these figures are considered to be essential. 


permitted growth of the organism equivalent to a titration value (given 
in bold-faced type in Table I) less than approximately one-fourth that 
found in a control experiment. The number of organisms for which the 


crystalline folic acid as on that containing the concentrate, the possibility is not 
excluded that other forms of folic acid would have greater activity. It is also possi- 
ble that the growth rate might be increased beyond that recorded in the present 
paper by the tomato juice eluate of Lyman et al. (8), the strepogenin of Sprince and 
Woolley (9), the nucleoside of Hutchings et al. (10), the liver and yeast factors of 
Stokstad (11), the liver and whey supplements of Cooperman ef al. (12), the vegetable 
juice factors of Metcalf et al. (13), and other natural materials. In agreement with 
the observation of Johnson (14), it was found that nicotinamide was not required by 
any of the organisms studied in the present experiments. 
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stated vitamin was required are given in parentheses: nicotinic acid (18), 
pantothenic acid (17), folic acid (4), biotin (2), riboflavin (3), thiamine (2), 
pyridoxine (2), and p-aminobenzoie acid (0). The omission of choline or 
inositol had no effect on the growth of any of the organisms. It seems 
probable that each of the essential vitamins could be determined satisfac- 
torily by the organisms requiring it, since growth in the absence of an 
essential vitamin was not significant even after prolonged incubation with 
relatively heavy inoculation and in the presence of exceptionally high 
concentrations of other vitamins and nutrients. 

The maximum drop in acid production by each organism resulting from 
the omission of each of the vitamins in turn from the control medium is 
shown in Table II. The italicized figures represent values which are at 
jeast two-thirds the largest drop observed in acid production and it is | 


TABLE I—Continued 


Vitamin absent frommedium | $2. | | 322) | see | 238 | 288 | 
| Siz | | | 485 | | 
ml. | avs. ml. | hes. mil. “hes. ml mi. hrs. mt.| hes. mil. “hrs. ml. 
Nicotinic acid. 11.3 1640.6 890. 6 926. 701. 6 117\1. 11650. 4 91! 2.1 69 
Pantothenic acid. ..... 14.1 1640. 8 89 1. 3.1631. 1.61171. 41650. 6 91 1.3161 
Folic acid. ............ 16.1 484.81138.5 706.7 701.0, 468.5, 298.6 46, 7.9161 
2 164 2. 01134, 3 16316. 709. 468. 492. 5 46 5.4/161 
Riboflavin............. 16. 2 48 2. 7| 89:2. 3 163 5. 3 70)8.8, 288. 5 49/8. 6 46 1.3 161 
16. 0 483. 5 896. 5 1632.7 704. S117)8. 2 0 161 
Pyridoxine. ........... 16.1. 1642. 01138. 706. 45 9. 2 708. 728.5 69, 1. 6 161 
p-Aminobenzoic acid...|16.3. 485.0 1138. 7 706. 8 459. 5 468.7 498. 4 69 16.1 161 
16. 2) 48 484. 91138. 6 1637. 45.9.2 2 708. 6 728. 162 15. 8 90 


considered that successful assays might be made for these vitamins. The 
figures which are given in bold-faced type indicate those vitamins which 
are essential for the organisms only under restricted times of incubation. 
The number of organisms for which the stated vitamins had this type of 
essentiality are given in parentheses: nicotinic acid (4), pantothenic acid 
(5), folic acid (3), biotin (9), riboflavin (2), thiamine (5), pyridoxine (0), 
and p-aminobenzoic acid (0). 

The vitamin requirements found in the present work, as well as those 
reported in the literature, for fourteen of the organisms are summarized in 
Table III. Although nearly the same vitamin requirements were found in 
other laboratories, a number of differences may be noted. Some of the 
vitamins reported in the literature to be essential were found to be non- 
essential or to be essential only over a short incubation time. That these 
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vitamins were synthesized under the present experimental conditions was 
not unexpected, since the synthesis of growth factors including folic acid 


TaBLe |—Concluded 


L. mesen-- 
teroades L. brevis 
Po (8257) 
(S42) 


ml. brs ml. | hrs, 
5.2117 0.2 162 
3. 0 710. 9 4! 
13.5 nh 0. 5 1 
2.7117 4.3 162 
14.6 ‘Les. 1162 
13.5 1171.5 
10. 117s S162 
Ss 6 162 
13. 4162 


- 


sic 
$32 
Sik 33 


mi. Ars. mi. | Ars. 
13.9 160 
543. 4 160 
310.2 160 
543.0160 


313.8 160 


313.6 160 


Vitamin absent from medium K vorum pento- 
(289). (8043) (S081) 
(367) 
mil. ars. ml. | hrs.) mi. | hrs.| mil. Ars. 
Nicotinic acid 4. 1621.0 163, 1. 8 161 2.0) 0.5 163 
Pantothenic acid 4.1) 1621, 1 92 1. 9 161 1.3) 9411.1) 92 
Folie acid. . 01628. 6 47, 0. 8 161) 2.2; 94, 1.3) 71 
8.6,162)8.8) 92 0.4 161) 2.2) 94 | 4.3) 168 
tiboflavin.... | 3. 1 162.8. 3 92} 7.7; 90) 2.4; 70; 8.1) 92 
Thiamine 16. 0 124.2 92) 7.6; 90} 2.2) 94 | 2.8) 163. 
Pyridoxine 2.8 6, 92) 6.7) 161) 2.1) 94) 8.60 71) 
p-Aminobenzoic acid. . 162'8. 1 70) 2.2) 9418.5) 92) 
Control... 15 5 7.8) 161) 2.3] 94 | 8.2) 163 
Tasre Il 
Maximum Decrease Acid Production Ive sulling from Omission of V itamin® 
Vitamin absent from S35 Sms 
"> | “2 
~ ~ ~ ~ 
mi. \hrs. mi. \hrs. ml. \hrs. ml. hrs. mil. Ars. 
Nicotinic acid. 8.3 47 8.7) 467. 8 2 208.0, 467.7) 2873. 3 7] 
Pantothenic acid 7.9 47 8.3 467. 7) 208.0 167.8 2811. 9 71 
Folic acid. ..... 6.1 47 5.2 215. 5 290.1. 715.6 2s 0.5) 4S 
Riboflavin. . 1.6 11 0.4) 467.2 2s 0.2) 48 
Thiamine... 2.9} 22 3.1) 292.8 224.4 465. 28 0.3 48 
Pyridoxine... ..... 0.8) 11—0.2) 290.7) 115.2 0 20 1.4 48 
acid 0.6) 22 210.9) 220.3 160. 46 1.3! 


final solution per prey 


of the maximum drop observed for each particular organism. 


T he \ wren given in bold. faced tyr pe are at least two- thirds 
It is assumed that the 
vitamins corresponding to the bold-faced figures might be assayed satisfactorily 
by the organisms indicated under restricted, but selected, times of incubation. 
The italicized values correspond to those given in bold-faced type in Table LI. 


(17), riboflavin (18), and pyridoxine (20) has been observed on the rela- 
tively incomplete media employed in other laboratories. 

The effect on maximum acid production by the various organisms was 
investigated with basal media from which either pyridoxine or pyridoxal 
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and pyridoxamine had been omitted. ‘The significant data are shown in 
Table IV. As was expected from the experiments of Snell (46, 32), maxi- 
mum acid production was decreased in the absence of pyridoxal and pyri- 
doxamine, even though the basal medium contained a relatively high 
concentration of pyridoxine. On the other hand, acid production was 
nearly maximal in the medium containing pyridoxal and pyridoxamine but 
no pyridoxine. Pyridoxine, pyridoxal, and pyridoxamine were slightly 
inhibitory to acid production by Lactobacillus brevis No other example of 
inhibition by vitamins has been found in the literature. 

Although p-aminobenzoic acid was not required by any of the organisms 
investigated in the present experiments, this vitamin has been reported to 
be essential for Lactobacillus arabinosus 17-5 (29-31) and essential under 
restricted conditions for Leuconostoc mesenteroides P-60 (48). Numerous 
natural materials have been assayed for p-aminobenzoie acid with these 


TABLE Il Continued 


L | Lacto- | Lacto- | Lacte- L. 
| (8082) | (4005) (9338) | | (9595) 

| hrs mil. | hrs mi. | brs. ml. | hrs. hrs i ml. | Ars. 
Nicotinic acid | 9.1 28/4.5)113 8.5, 70 6.0 288.0 208.5 4614.2) 90 
Pantothenic acid 7.4) 284.7113 8.0 705.8 457.4) 28\7.6, 20.8.1, 6914.8) 90 
Folic acid. ....... 0.2 0.3) 2710.3) 27/0.1) 21 0.3 720.8) 14 9.9) 90 
Biotin. 8.2) 28.2.0) 43, 6.2 741.9) 271.0) 282.1) 17.6.4) 4610.5) 69 
Riboflavin O.1) 282.0113) 6.6 47.2.3) 271.3) 212.1) 17.0.1) 69'14.8) 90 
Thiamine 1G 1.3113 6.4 474.4 455.4) 282.6 177.0) 46) 1.4, 90 
28.1.7) 89 0.4) 270.3) 700.2) 10.2.2) 17)1.8} 26)14.9, 90 
p-Aminobenzoic acid. 1.0 16.0.2) 43, —0.2) 9210.3 100.5 101.3, 74.0 26 8 


strains by the procedures described in the papers referred to. The apparent 
lack of specificity for p-aminobenzoic acid of any of the organisms studied 
in the present work might possibly be accounted for by contamination of 
the basal medium with this vitamin. It seems more probable, however, 
that synthesis occurred, since no requirement for p-aminobenzoie acid by 
fourteen of the microorganisms could be demonstrated even at concentra- 
tions of vitamins and amino acids one-tenth those present in the unmodified 
basal medium. Since not more than 0.002 millimicrogram of p-amino- 
benzoic acid per tube could have been carried over from the medium by 
the inoculum, this source of possible significant contamination was ex- 


cluded. 


7 In other experiments inhibition of Lactobacillus casei « and Lactobacillus del- 
briickii LD5 by p-aminobenzoie acid was observed during the initial stages of incu- 
bation. 
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On the other hand, the essentiality of p-aminobenzoic acid observed by 
other workers for the stated organisms, may be restricted to the relatively 
incomplete basal media employed. ‘This view is supported by the report 
of Snell and Mitchell (21) that the requirement of Lactobacillus arabinosus 
and Lactobacillus pentosus is non-specific for p-aminobenzoic acid, since 
other nutrients (methionine, adenine, guanine, xanthine, and hypoxan- 
thine) were also effective in promoting growth of these organisms. It was 
stated that these substances did not contain p-aminobenzoic acid impurity, 
since treatment with decolorizing carbon and recrystallization did not 
change their activity. The probability that the basal media, utilized by 
the authors quoted for the determination of p-aminobenzoic acid, may have 
been somewhat incomplete in respect to amino acids is indicated by the 


TaBLE I]—Concluded 


Lacto- | « Lacto- L. mesen 
Vitamin absent frommedium | | acing) | | | 
| 8) | | | (8042) 
ml. ml. Ars. hrs. ml. ml. | hrs 
Nicotinic acid... .... .|12.7| 90\8.8| 47| 6.4) 9010.4) 70) 7.8) 92) 9.6)117| 8.3! 91 
Pantothenic acid. .._.. ./18.4) 90'7.9) 47) 6.5) 9010.4) 94) 7.2) 71)12.1)117| 7.4) 91 
Folic acid. .............| 8.0] 90/0.6| 27} 7.0) 9010.0} 94] 7.3) 92) 1.2\117| 8.s/162 
90/4.6) 47) 7.4) 9010 | 94) 4.8) 71/10.8) 71) 6.9) 91 
90|1.9} 27/—0.2| 4510 | 94) 0.2) 71! 47] 0.4] 
Thiamine......... .....| 1.0} 6915.3) 47) 0.3) 4530 | 94) 6.0) 71) 1.2)117) 7.2) 91 
Pyridoxine. ........ 114.4) 47) 1.9) 6810 | 94/—0.9) 71) 4.0) 71)—0.2) 91 
p-Aminobenzoic acid....| 0.6) 69/2.6) 450 | 94 0.8) 0.8) 71} 0.4) 26 


writers’ observation (unpublished data) that significant amounts of 
several amino acids, and marked quantities of some others (especially 
phenylalanine and tyrosine), were removed from an acid hydrolysate of 
casein which had been treated with decolorizing carbon. The further 
possibility was suggested by Snell (quoted by Shankman (50)) that there 
are two strains of Lactobacillus arabinosus 17-5 of which one, a mutant 
strain, does not require p-aminobenzoic acid. Lewis has stated (quoted by 
Pennington (48)) in this connection that ‘Lactobacillus arabinosus 17-5 
could be trained to give relatively stable p-aminobenzoic acid nonrequiring 
lines by subculturing in the presence of suboptimal levels of p-aminobenzoic 
acid” and that “recently his stock culture gained the ability to dispense 
with p-aminobenzoic acid after maintaining a stable requirement for at 
least three years.” 


Alt 


Vitamin Requirements of Fourteen Lactic Acid Bacteria from Present Work and Literature Renarte® 
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Tasrie IV 


Effect of Pyridoxine, Pyridozal, and Pyridoxamine on Marimum Acid* Production by 
Lactic Acid Bacteria 


Vitamin omitted 


Pyridoxine, 


Organism | Pyridoxal, | 
pyridox- | Pyridoxine | None 

amine | *™ine | 

hrs. ml. | mi. 

Lactabacillus brassicae (SOAL) .— 123 14.50 15.13 | 17.290 | 17.10 
L. arabinosus (S014)........ 28 10.50 11.34 15.10 | 15.60 
L. casei (7469)....... 9.60 14.00 16.80 
Leuconostoc citrovorum (S082)... 113 3.50 4.21 | §.49 | 6.20 
L. delbriickit (9505)............. 161 2.600 5.72 8.70 | 16.90 
L. mesenteroides (SO42).......... 163 | 10.22 | 15.02 | 18.88 
L. mesenteroides (9135). ......... 120 7.40 8.50 | 10.70 | 10.81 
69 S.14 8.00 | 7.530 | 7.50 


* Given in terms of ml. of 0.0206 ~ NaOH to titrate acid in 2 ml. of final volume 
solution per tube. 


SUMMARY 


The vitamin requirements of twenty-three lactic acid bacteria have been 
studied over a wide range of incubation times on a completely synthetic 
medium which was exceptionally rich in nutrients. The experimental 
results have been discussed in relation to nutrition studies which have been 
reported in the literature. It was considered probable that satisfactory 
assay procedures could be devised for the determination of pyridoxine, 
thiamine, biotin, riboflavin, folic acid, pantothenic acid, and nicotinic acid 
with from two to eighteen organisms. Choline, inositol, and p-amino- 
benzoic acid were not required by any of the strains. The inhibitory 
effect of pyridoxine and p-aminobenzoic acid on acid production by some 
microorganisms has not been previously reported for these or other vita- 
mins. 
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THE EFFECT OF CARBOHYDRATES ON ACID PRODUCTION 
BY TWENTY-FOUR LACTIC ACID 
BACTERIA* 


By MERRILL N. CAMIEN, MAX 8S. DUNN, anv A. J. SALLE 


(From the Chemical Laboratory and the Department of Bacteriology, University 
of California, Los Angeles) 


(Received for publication, August 14, 1946) 


It was observed in the two preceding investigations (1, 2) on the amino 
acid and vitamin requirements of twenty-three strains of lactic acid 
bacteria that Lactobacillus plantarum, Lactobacillus acidophilus, and 
Lactobacillus buchneri grew poorly, if at all, and produced little, or no, acid 
under the stated experimental conditions. Although the remaining 
organisms grew satisfactorily and produced relatively large amounts of 
acid, further studies on the influence of nutrients other than vitamins and 
amino acids were undertaken. ‘The object of this work was to determine, 
as far as possible, the types and proportions of nutrients required in the 
basal media for the most rapid and abundant acid production. It was 
assumed that the effectiveness of any stimulatory and inhibitory materials, 
introduced during an assay, would be reduced somewhat in proportion to 
the improvement in nutritional quality of the basal medium. The effect 
of carbohydrates on acid production was emphasized in these studies. 

Glucose has been employed almost exclusively as the carbohydrate 
component of media utilized for the determination of vitamins and amino 
acids, since the first procedure for the quantitative determination of a 
vitamin (riboflavin) with a lactic acid bacillus (Lactobacillus casei ¢) was 
described by Strong and Snell (3) in 1939. In view of its ready fermenta- 
tion by most lactic acid bacteria, glucose appeared to be superior to most, 
if not all, carbohydrates for this purpose. There is some evidence in the 
literature, however, which indicates that certain carbohydrates may be 
more effective than glucose as the source of acid in media used for the 
determination of some vitamins and amino acids by assay with particular 
strains of lactic acid bacteria. It was reported by Fred et al. (4) in 1919 
that cultures of organisms (named Lactobacillus pentoaceticus) isolated 
from manure, silage, and sauerkraut, and incubated for 2 weeks at 30-35°, 
gave vields of total volatile acids from xylose' which were from 2 to 3 times 

* Paper 31. For Paper 30 see Shankman et al. (1). This work was aided by 
grants from the American Home Products Company, Merck and Company, Inc., the 


Nutrition Foundation, Inc., Standard Brands Incorporated, and the University of 
California. 

' It is of interest that a basal medium containing | gm. of xylose and 20 gm. of 
glucose per liter has been used by Barton-Wright (5) for the determination of trypto- 
phane by assay with Lactobacillus arabinosus 17-5. 
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as great as those obtained from fructose, glucose, sucrose, and lactose. 
The yields of non-volatile acids were nearly equivalent to those of the 
volatile acids. 

In later studies of the fermentation of pentoses (xylose and arabinose) 
and other carbohydrates (glucose, fructose, galactose, mannose, sucrose, 
lactose, maltose, melezitose, and raffinose) by Fred et al. (6), it was found 
that acetic and lactic acids equivalent to about 90 per cent of the sugar 
destroyed, and approximately the same quantities of total acid, were 
formed by some of the cultures of lactic acid bacteria (Lactobacillus pen- 
tosus, Lactobacillus arabinosus, and Lactobacillus pentoaceticus types). 
Since acid production by some of the lactic acid bacteria varies with the 
type of carbohydrate employed in the basal medium, it would be expected 
that the precision and accuracy of microbiological assays for vitamins and 
amino acids might be affected if a carbohydrate different from that present 
in the basal medium were introduced with the sample of material to be 
assayed. It appeared desirable, therefore, to study the relation between 
various carbohydrates and acid production by different strains of lactic 
acid bacteria. No systematic investigation of this type has come to the 
authors’ attention. The effect of sodium chloride has been determined 
in comparable studies, since this salt invariably is present in hydrochloric 
acid hydrolysates of protein materials. In addition, the possible stimula- 
tory action of a series of natural materials with which bacteriological media 
are commonly supplemented was tested. 


EXPERIMENTAL 


The basal medium, the experimental conditions and techniques, and the 
organisms were the same as those employed in preceding investigations 
(1; 2), except for the following modifications. Ammonium chloride, 
sodium chloride, xanthine, and all of the amino acids were omitted from the 
basal medium, and 15 gm. of Bacto-peptone (Difeo) were added per liter of 
medium. The inoculum was grown on the modified basal medium and 
each tube was inoculated with 1 drop of the culture. The glucose in each 
basal medium employed in the fermentation experiments was replaced by 
an equal weight of one of the carbohydrates given in Table I, and an 
inverted glass vial was placed in each tube for the collection of gas. The 
carbohydrate test media were sterilized by steaming for } hour at 100°, 
instead of by autoclaving, and 0.05 per cent of caramelized glucose (pre- 
pared by autoclaving a mixture containing 1 gm. of glucose, 0.6 gm. of 
sodium acetate, 0.5 gm. of peptone, and 10 ml. of water) was added to the 
medium as a source of intermediate compounds reported to be essential 
for initiation of fermentation by some organisms (7, 8). The incubation 
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time was 72 hours in all experiments, except where otherwise stated, and 
3 ml. volumes of medium were employed in 4 inch, soft glass test-tubes. 

The experimental results, given in Tables I to LV, represent the averages 
of duplicate determinations. 


DISCUSSION 


The ml. of 0.01 N acid produced in 72 hours by twenty-four lactic 
acid bacteria on twenty-two media, each containing 2 per cent con- 
centration of a particular carbohydrate, are shown in Table I. Gas 
(indicated in the table) was formed in about 10 per cent of the 528 test 
samples. The number of carbohydrates (and carbohydrate derivatives) 
from which gas was produced by the various organisms ranged from eight 
for Leuconostoc mesenteroides (8293) to one for Lactobacillus buchneri. No 
gas was formed by ten organisms on any of the media. The number of 
organisms which produced gas on the various carbohydrates ranged from 
twelve for maltose to two for lactose. No gas was formed from thirteen 
of the carbohydrates. Organisms which produced acid readily are con- 
sidered to be those for which acid production was more that two-thirds 
(indicated as bold-faced figures in Table I) that formed on the glucose- 
containing medium. The numbers of organisms which produced acid 
readily are given in parentheses: glucose (23), fruetose (21), maltose (19), 
trehalose (13), galactose (12), arabinose (11), salicin (8), sucrose (9), 
lactose (7), xvlose (7), raffinose (6), and mannitol (5). The number of 
carbohydrates from which acid was produced readily by the various 
organisms ranged from twelve for Lactobacillus arabinosus (8014) to two 
for Leuconostoc dextranicum (8359). 

It is of interest that one of the most fastidious organisms, Lactobacillus 
buchneri, produced very little acid in the present as well as in previous 
(1, 2) experiments on media containing glucose, whereas abundant acid 
was formed from xvlose and from arabinose. A significant amount of acid 
was produced from fructose but not from any of the remaining carbohy- 
drate forms. It is evident that Lactobacillus buchneri might be employed 
for assay purposes with a basal medium containing either xvlose or arabi- 
nose. 

Although none of the other organisms was as specific as Lactobacillus 
buchneri in its carbohydrate requirements, many strains produced more 
acid from other sugar substances than from glucose. Relatively high acid 
production was most. common with the pentoses (xylose and arabinose). 
Five strains yielded considerably more acid from xylose, and six from 
arabinose, than from glucose. On the other hand, xvlose was fermented 
poorly, and arabinose readily, by several strains, while the opposite fer- 
mentation tendencies were exhibited by several other strains. It may be 
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noted, also, that acid production by Lactobacillus lycopersict and by Lacto- 
bacillus brevis was unusually high both on xylose and arabinose. Seven 
carbohydrates were readily fermented by Lactobacillus fermenti 36 (9338), 
but xylose yielded approximately twice as much acid as any of the other 
sugars, including glucose. It would seem probable, therefore, that assays 
of samples containing relatively large amounts of xylose might not be 
entirely satisfactory with a glucose-containing basal medium. Con- 
versely, the quality of assays with this organism might be improved by the 


TABLE I 
Acid Production* 

e293) | ors) | | (0138) | | 124-2 | | 
Glucose......... | | 8.9 | 16.6 16.9 0.4 
Fructose. . 7.4 | 8.2t 16.0 14.8)! 
Mannose. . 14.9 §.3 | 6.1 1.3 | 6.9% 16.3 17.1, 0.1 
Galactose 5.6] 5.2 | 4.8%! 18 | 3.0 | 16.0) 16.8) O.8 
Xylose | 4.2 4.9 | 3.8 3.8 | 1.8 8.9 | 6.3 | 17.6 
Arabinose 4.7 4.6 | 3.9 6.1 | 1.3 | 18.3) 7.1 21.7 
Rhamnose | 0.6 0.6 0.6 0.6 | 0.4 | 26 14 0.0 
Salicin. .... .11.7 | 8.5 14.2 | 4.5 [0.1 | 18.2] 21.6] 0.0 
Maltose. ... 9.13 | 9.6 | 9.13 | 2.1 | | 16.7 | 16.6 0.3 
Sucrose.......... 6.1 5.9% 7.3t | 16.6 16.3) 1.5 
15 |1.7 | 14.2) 14.9! 0.0 
Trehalose..................| | 8.9t | 8.7% | 9.63 | 6.9% 16.9) 16.7) 0.0 
Raffinose................:.| | 6.2¢| 5.0¢| 1.2 | 1.2 | 14.8] 1.2] 0.2 
1.7 | 1.5 0.1 | 0.3 19; 1.9] 0.1 
ER 0.2 | 0.2 0.3 | 0.2 0.6) 0.5) 0.0 
| 06 (04 | 06 |0.8 | 1.0] 1.0] 0.0 
| 0.4 0.6 | 0.6 0.4 | 0.6 06, 0.7) 0.0 
(24/29 | 1.3 [0.3 | 41.6] 0.1 
| 04 06 0.6 0.4 (0.4 10) 1.0) 0.1 
| 1.0 1.0 0.8 0.6 1.0 13; 0.2 
Glycerol........... 09 1.2 (13 | 08 06 | 5.3) 0.2 


use of a xylose-containing basal medium. Consideration of the carbohy- 
drate preferences of Lactobacillus fermenti 36 is of interest since procedures 
have been reported for the determination of thiamine (9), histidine (10), 
threonine (11), and methionine (12) with this organism. Acid production 
was not increased significantly on media containing carbohydrates, other 
than xylose and arabinose, in place of glucose. 

The fermentation characteristics (Table 1) of some of the organisms are 
atypical, according to the descriptions of these species given in Bergey’s 
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(14) manual. Examples of Leuconostoc strains which appear to be in this 
category are citrovorum (7013), citrovorum (797), and dezxtranicum (8358), 
which, probably, should be classified as strains of Leuconostoc mesenteroides 
because of their ability to ferment sucrose and pentoses. Another Leu- 
conostoc strain, mesenteroides P-60 (8042), probably should be classified as 
Leuconostoc citrovorum, since it does not ferment sucrose. Other examples 
may be cited from the genus Lactobacillus, although complete classification 
could not be made on the basis of carbohydrate reactions alone. It ap- 


TaBLeE 1—Continued 


| 

rivative | cosa) | | | (4005) | (8358) | (8359) 19558) poeust,§, (9595) 

16.5 6.3 | 9.3t| 9.4 10.3t| 9.62! 16.3 
15.0 6.2 6.1 | 7.1 66 | 6.2) 16.6 
Mannose. 16.9 6.3 0.1 3.3 | 3.8 9.3} 17.6 
14.4 2.4 16 (1.4 | 9.4t 16.2 
Xylose (14 |) OS 22.4 | OS O8 | 16.4) 1.2 
Arabinose 11.3 0.5 21.9 6.6 0.9 0.3 1.3 
Rhamnose 11.6 | 0.2 |0.0 | 0.4 10.4 | 0.0! 0.0] 6.4 
Salicin 112.1 | 4.7 10.0 | 04 |3.7 | 0.0} 11.1 
Maltose (16.8 | 4.3 9.1t 8.8t 9.7t | 9.4¢ 8.9) 1.5 
Sucrose. . 16.1 0.1 | 7.3 6.1 | 0.0); 7.8% 0.9 
Lactose. 1146.7 | 1.9 |0.1 | 0.5 |0.4 | 7.9% 2.9 | 16.3 
Trehalose 15.5 1.5 | 0.0 4.5 | 3.1 0.7, 0.0! 18.1 
Raffinose _. 14.0 | 1.2/7.2 | 66 106 | 6.6! 1.0 
Dextrin. 17 | 13 | 06 | 0.6] 0.1] 0.9 
Amylose... 04 00 00 | 04 0.0] 0.2 
Glycogen... 10 02 O04 04 00 00} 08 
Inulin......... 08 02 00 | 04 04 400) 0.0} 08 
122.6 13/515 | 35 1/19 00) 11.9 
Dulcitol.... ....... 1.0 | 0.1 | O04 (04 | 0.0) 0.0) 0.6 
Sorbitol... 92 04 |'00 | 06 08 | 0.0! 0.0} 3.8 
Inositol . . . 06 0.2 00 | 04 04 | 02} 00! 1.0 
11.2 | 1.2 |00 | 10/06 | 0.2] 0.2] 1.0 


pears, however, that Lactobacillus delbriichii LD5 (9595) is classified incor- 
rectly, since it fermented lactose. The other characteristics of fermenta- 
tion, as well as the vitamin (1) and amino acid (2) requirements of this 
organism, indicate that it is a strain of Lactobacillus casei nearly, if not 
entirely, identical to Lactobacillus casei « (7469). It may be desirable, 
also, to give Lactobacillus buchneri a special classification on the basis of its 
inability to ferment glucose. 

As shown in Table II, all of the organisms were strongly inhibited by 
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concentrations of sodium chloride ranging from 1 to 5 per cent and none of 
the strains was able to grow or produce acid in from 9 up to L4 per cent salt 
concentration. After an initial period of nearly constant acid production 
the latter gradually decreased with increasing concentrations of sodium 
chloride. Acid production by Lactobaedlus ferments (9338), Lactobacillus 


Taste I1—Concluded 


— 


~ - — 


Strepto- L.cit- L. pen- L. mes- L. L. plen- 


17.9 7.7 11.1 9.4f 15.1 9.3t 9.9 
Fructose................../46.0 | 6.8 |6.8 | 18.3 | 6.8 (12.60 9.2 
| 7.8/1.4 | 6.8 | 3.4 6.6 4.6 
Xylose....................}14 |27.4 10.8 | 10 |92 | 16.6] 98.4| 1.4 
Arabinose...... 11.5 O38 16.6 18.9 17.6 | 21.7 6.7 
Rhamnose.._... 6.4 0.0 0.2 2.4100 | 2.8; 00; 08 
132.9 0.0 $3.9 10.7 | 3.3} 00) 6.6 
Maltose . 1.9 9.1 6.9 11.7 OO 8.1f 11.3 
0.7 0.0 | 2.9 00 00 0.0 0.0) 7.0 
0.0 3.3 2.7 | 2.5 0.3 0.3 6.6 
16.7 | 0.0 |2.3 | 28.1 0.0 | 0.0; 9.7 
(1.0 | 06.0 06 | 0.2 |0.0 | 0.2} 00] 9.0 
(10 | 0.2 | 0.0 |0.0 | 0.0; 0.9 
110 | 00 |0.2 | 0.2 |0.0 | 0.4] 0.0] 1.2 
08 | 0.0 10.0 | 0.0 |0.0 | 0.0] 0.0] 0.6 
Mannitol......... 122.3000 00 00 0.9 | 0.0) 1.1) 0.7 
Sorbitol... 13.6 | 0.0 |0.2 | 0.2 |0.0 | 0.2] 0.0] 10. 
Inositol. ...... 108 | 0641-621 
..../06 | 0.0 (0.2 | 0.0 0.4) 0.0); 1.2 


* Acid production is given as ml. of 0.01 N NaOH to titrate | ml. of final solution 
per tube containing 2 per cent concentration of the stated carbohydrate. Exeept for 
L. buchneri the values given in bold-faced type are at least two-thirds those found 
for glucose. 

t Culture obtained through the courtesy of Dr. V. HL. Cheldelin. 


t Gas formed. 
§ Similar results for acid production from fourteen carbohydrates by this (or a 


related) strain has been reported by Stiles «f al. (13). 


mannitopoeus, Lactobacillus lycopersici (4005), and Lactobacillus gayonti 
(8289) was unaffected, or slightly stimulated, by increasing concentrations 
up to a critical level (2 to 4 per cent) of salt, beyond which it decreased 
sharply. Comparable similarity in the behavior of these organisms was 
observed in the experiments on vitamin (1) and amino acid requirements 
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(2). It seems apparent that these organisms represent species which are 
closely related, but which may be readily differentiated by fermentation 
tests with sucrose, lactose, raffinose, xylose, and arabinose (see Table 1). 
Since all of the organisms were inhibited significantly by salt at particular 
concentrations, it seems probable that they might be inhibited even more 
on media containing concentrations of an essential nutrient approaching 


Tasre Il 
Per Cent Salt Tolerance* 


NaCl in basal medium 
Organism 
| 4 s | 6 
L. mesenteroides (8293)....| 8.8. 68) 44) 0.0 
L. citrovorum (7013)... 93) 64) 4.4/2.9) 1.7] 0.4) 0.0 
L. citrovorum (797)..... $8.9; 9.0; 9.2) 66) 0.0 
L. mesenteroides (9135)....| 9.2) 9.1) 9.3, 8.1} 0.0] 0.0 
L. dextranicum (SO86).....| 8.2) 9.1 | 8.9) 6.1 40° 1.8) 0.2 | 0.2} 0.0 
L. pentosus 124-2.......... 14.1 13.9 13.4) 12.0} 11.0 5.5 | 2.5| 0.8 
Lactobacillus brassicae 
14.4 14.5 | 13.6 | 12.8} 10.8 | 8.6 | 4.6 | 2.3/1.2 
L. arabinosus (S014)... .... 156.2 15.5 15.9) 13.0 9.3} 
L. citrovorum (S082)... 58' 566 560 43) 3.2 1.0/0.2 | 0.0} 0.0 
L. lycopersict (4005)... ... 86) 8.7; 0.2/0.0 
L. dextranicum (8358).....| 5.8 | 5.2 3.9) 36 > 3.0/2.2} 1.1/0.2] 0.0 
L. dextranicum (8359).....| 6.2! 44! 2.6] 2.0|1.4]0.4] 0.2] 0.0 
L. fermenti (9338)... .. 84 83 84, 86 6.2) 0.1 | 0.0 
L. mannitopoeus...........' 8.1) 14) 0.1 0.0/0.0 | 0.0 | 0.0 
L. delbriickii (9595)... ... 15.4,15.5 14.8 13.3. 10.6 | 4.7 | 0.1 0.0} 0.0 
L. 15.0/14.9 14.2 | 13.5 | 12.0/ 9.11.9} 0.0| 0.0 
L. gayonii (S289). ...... 83 85) 85! 80/04/02! 0.21 0.0 
Streptococcus faecalis R 
L. citrovorum (SOS1)...... 11.4/10.1) 8.9) 7.8!) 6.8 
L. pentoaceticus (367)... 49; 5.3; 3.6); 3.0 | 1.2) 0.6 0.2/0.1 
L. mesenteroides (SO42)..... 10.8} 9.6 8.1 6.7 
8.2; 8.4! 8.2 | 8.0) 5.6) 3.0) 1.6) 0.4 | 0.0 


* Given as ml. of 0.01 N NaOH to titrate the acid formed per ml. of final solution. 
No acid was produced by any of the organisms at any concentration of salt from 9 
to 14 per cent. 


the limiting amounts. It seems evident, therefore, that possible inhibitions 
by salt should be avoided in assaying materials by microbiological methods. 
This may be accomplished by eliminating the salt from the sample to be 
assayed or, as has been described in recent papers (10-12, 15), by adjusting 
all solutions employed in an assay to the same salt concentration. 
Lactobacillus plantarum grew well on the present basal medium but not 
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on that employed in previous experiments (1, 2). It was concluded, 
therefore, that Bacto-peptone (Difco) contained a growth factor (or 
factors) in addition to the stated twenty-one amino acids, twelve vitamins, 
eight salts, three purines, and one pyrimidine. It was found, however, 
that this accessory material was not present in all lots of Bacto-peptone. 
For this reason, a series of supplements was tested. The results of these 
experiments are shown in Table ITI. 

Autolyzed yeast and Bacto-beef were found to be the best sources of the 
factor. Although liver concentrate powder stimulated the growth of 
Lactobacillus plantarum, the concentration of the factor in this product 
appeared to be less than one-third that in the other supplements. The 
other materials were without appreciable stimulatory effect in the quanti- 
ties employed in these experiments. It seems probable that this Lacto- 


Taste Ill 


Acid Production*® by Lactobacillus plantarum (8008) on Basal Media Containing 
Nutrient Supplements 


| 


B Liver | B 
acto- east Peptonized soluble utoly ze acto- 
Su peptonet extract | mil milk yeast beef 
‘| (Difco), | (Difco), | (Difco), concentrate (Difco), (Difeo), 
No. 382113 | No. 369332 No. 359304 No. 374818 No. 50268 ' No. 379586 
No. 


0.33 | 0.1 0.2 0.3 0.4 14.7 0.6 14.0 
0.3 0.4 16.1 11.0 14.4 
. | 0.5 0.7 0.7 17.3 15.9 15.5 


* Given as ml. of 0.01 nN NaOll to titrate 1 ml. of final solution. 
t The amounts indicated were in addition to the 15 mg. of Bacto-peptone present 
per ml. of basal medium. 


bacillus plantarum factor is not thiamine, pyridoxine, pyridoxamine, 
pyridoxal, pantothenic acid, riboflavin, nicotinic acid, biotin, p-amino- 
benzoic acid, folic acid, choline, or inositol, since these vitamins were 
present in the medium on which no growth occurred. It appears likely 
that this factor is not coenzyme I, since yeast extract, a good source of this 
substance, did not support growth of Lactobacillus plantarum. The 
isolation of this factor and the development of an assay method for its 
determination are under investigation. 

The supplementary nutrients, except Labco XXX water-soluble milk 
concentrate, were tested at a concentration of 5 mg- per ml. of medium to 
determine their effect on 24 hour acid production by the lactic acid bacteria. 
The results of these experiments are given in Table IV for twelve of the 
organisms for which significant stimulation of acid production was ob- 


me. mi m! m/ ml ml mil 
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served. The number of organisms in this category ranged from nine for 
yeast extract to four for Bacto-beef. Since increased acid was formed on 
Bacto-beef by only four of the twelve organisms, it appears probable that 
the yeast, milk, and liver supplements contained some growth factor (or 
factors) in addition to the Lactobacillus plantarum factor present in Bacto- 
beef. It is of interest that Metcalf et al. (16) have reported the presence of 
an unidentified growth-promoting substance (called T factor for Lacto- 
bacillus fermenti (L36)) in tomato juice and other vegetables. That the 
T factor is distinct from thiamine was indicated by its stability to heat. 
None of about forty other substances (vitamins, afmino acids, purines, 
pyrimidines, organic acids principally) enhanced the growth of this or- 


Tasre IV 
Acid Production* by Lactic Acid Bacteria on Basal Media Containing Nutrient 
Supplements 
| | | | 2 
Supplement added (5 mg | | 2 3 | ‘= | 
32/22/23 32 | | $9 | | £8 
None................ 7.6, 14.1, 2.8| 7.8) 12.0] 11.8) 4.9 | 11.8) 3.1 | 4.4) 0.2 
Yeast extract. ...... 9.0 15.4 3.2 3.3 8.4 17.3, 17.0) 6.1 age 3.5 6.3 0.4 
Peptonized milk.... 8.0 14.6 3.6 3.9 8.2 16.5) 16.4/6.8 12.6 4.8 5.4 0.3 
Autolyzed yeast... 8.3 16.7 3.4 1.4 8.6 14.6 14.3.4.0 13.2 2.4 6.3 3.7 
| | 
Liver powder........ 8.0 14.6 2.7 1.3 7.8 13.2) 18.0, 4.8 | 12.3) 4.7 | 2.7 
Bacto-beef........... 9.0 14.5 2.8 2.3 8.6 12.4; 12.0; 3.9 | 12.1) 2.9 18 2.9 


* Given as ml. of 0.01 N NaOH to titrate 1 ml. of final solution per tube. The 
values given in bold-faced type are at least 10 per cent higher than those obtained 
when no supplement was added. 


ganism. It seems possible, from the present experiments, that the T 
factor might be xylose, since it alone, of all the nutrient substances tested, 
gave a significant increase in acid production (from about 9 ml. of 0.01 n 
NaOH per ml. of basal medium to about 16 ml.). No report has been 
found of the presence of xylose in tomatoes, although total sugars average 
about 3.4 per cent, according to Chatfield and Adams (17). 


SUMMARY 


It has been found from tests of twenty-four lactic acid bacteria and 
twenty-two carbohydrates (and carbohydrate derivatives) that the number 
of carbohydrates from which gas was produced ranged from eight for 
Leuconostoc mesenteroides (8293) to zero for ten organisms, that the number 
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of organisms which produced gas ranged from twelve for maltose to zero 
for thirteen carbohydrates, that the numl-r of organisms which produced 
relatively large amounts of acid ranged fic m twenty-three for glucose to 
zero for nine carbohydrates, and that the number of carbohydrates from 
which acid was produced readily by the various organisms ranged from 
twelve for Lactobacillus arabinosus (S014) to two for Leuconostoc der- 
tranicum (8359). Arabinose and xylose were the only carbohydrates 
which supported good growth and abundant acid production by Lacto- 
bacillus buchnert. Sodium chloride was well tolerated by all of the organ- 
isms up to concentraéions which, in some instances, were as high as 4 per 
cent. Acid production was inhibited at higher salt concentrations, and no 
acid was formed by any organism bevond 8 and up to 14 per cent concentra- 
tion of sodium chloride in the basal medium. It was considered probable, 
from experiments on the stimulation of acid production, that a growth 
factor essential for Lactobacillus plantarum (SOOS) and stimulatory sub- 
stances for eleven other organisms were present in nutrient supplements. 
Some evidence was presented which indicated that Lactobacillus delbriichii 
LD5 (9595), and possibly some other organisms, probably should be 
reclassified. The possible significance of the present experimental findings 
to the microbiological assay of vitamins and amino acids has been discussed. 
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THE DETERMINATION OF d(—)- AND UI(+)-GLUTAMIC 
ACID IN PROTEIN HYDROLYSATES* 


By MAX 8S. DUNN, MERRILL N. CAMIEN, 8S. SHANKMAN, anp 
HARRIETTE BLOCK 


(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, August 19, 1946) 


The determination of d(—)- and l(+ )-amino acids is of interest because 
of recent reports that both isomers may be present in normal and tumor 
tissues, antibiotics, and microorganisms, and that they may follow different 
pathways in metabolism. Although amino acid antipodes may be esti- 
mated by the isotope dilution procedure and by means of specific amino 
acid oxidases, it would appear advantageous if each optical form could be 
determined microbiologically. 

It may be possible to determine d(+)- and /(—)-methionine in the 
presence of each other, since Dunn et al. (2) have shown that total d(+)- 
and /(—)-methionine may be determined with Lactobacillus fermenti 36 and 
l(—)-methionine with Leuconostoc mesenteroides P-60 or Lactobacillus 
arabinosus 17-5. The proportions of d(—)- and l(+-)-glutamiec acid in 
bacterial cells were estimated by Camien et al. (3), who compared the acid 
produced at various levels of the hydrolysates with that observed in media 
containing from 10:1 to 5:3 ratios of the antipodes. Quantitative values 
were not obtained and it would be difficult to determine the glutamic acid 
antipodes accurately by this procedure, since the activities of the isomers 
vary with the concentration (4-7) and a series of standard curves is re- 
quired. 

From studies (unpublished data) of the nutritional requirements of 
lactic acid bacteria, it was observed that d(—)-glutamie acid had no ac- 
tivity for two strains (Streptococcus faecalis R (8043)' and Leuconostoc 
citrovorum (8082)), but was as active as /(+-)-glutamie acid in promoting 
acid production by seven strains (listed in Table II). d(—)-Glutamic 


* Paper 32. For Paper 31 see Camien et al. (1). The subject matter of this paper 
has been undertaken in cooperation with the Committee on Food Research of the 
Quartermaster Food and Container Institute of the Armed Forces. The opinions or 
conclusions contained in this report are those of the authors. They are not to be 
construed as necessarily reflecting the views or indorsement of the War Department. 
This work was aided by grants from the American Home Products Company, Merck 
and Company, Inc., the Nutrition Foundation, Inc., and the University of California. 

! The number given in parentheses after the name of the organism refers here, and 
elsewhere, in this paper to the number given by the American Type Culture Col- 
lection. 
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acid had variable, but only partial activity for eight strains of Lactobacillus 
(t.e., fermenti 36 (9338), gayonti (8289), pentosus 124-2, arabinosus 17-5 
(8014), casei (7469), mannitopoeus, brassicae (8041), and brevis (8257)), 
and for three strains of Leuconostoc (i.e., mesenteroides (9135), citrovorum 
(8081), and mesenteroides P-60 (8042)). Assay procedures based on these 
findings were devised for the determination of l(+-)-glutamic acid with 


I 
Composition of Basal Medium 


Constituent Mg. per liter | Constituent Mg. per liter 
dl-Alanine 667 Xanthine 12.0 
Asparagine, natural 667 Dextrose 20 ,000 
l(+)-Arginine- HCl 667 Sodium acetate 12,000 
l(—)-Cysteine- HCl 667 Ammonium chloride 6,000 
Glycine 667 KH,PO, | 500 
667 500 
l(—)-Hydroxyproline 667 MgsS0O,-7H;O 200 
dl-Isoleucine 667 FeSO,-7H,0 | 10 
l(— )-Leucine 667 MnSO,-4H,0 10 
dl-Lysine- HCl 667 NaCl | 350 
dl-Methionine 667 Thiamine: HCl | 1.0 
dl-Norleucine | 667 Pyridoxine | 1.6 
dl-Norvaline | 667 Pyridoxamine -2HC] | 0.10 
dl-Phenylalanine 667 Pyridoxal- HCl | 0.10 
l(—)-Proline 667 dl-Ca pantothenate | 2.0 
dl-Serine 667 Riboflavin | 2.0 
dl-Threonine | 667 Nicotinic acid | 2.0 
dl-Tryptophane 667 Biotin | 0.005 
l(—)-Tyrosine | 7 p-Aminobenzoic acid | 0.10 
dl-Valine 667 Folie acid* 0.005 
Adenine sulfate -2H,0 13.8 | Choline chloride 10.0 
Guanine: HC1-2H,0 | 13.0 Inositol 25.0 
Uracil 12.0 | 


* Product described previously (8). 


Streptococcus faecalis R (8043) and of total (d(—) + l(+-))-glutamie acid 
with any one of the seven organisms listed in Table II. 


EXPERIMENTAL 


The composition of the basal medium is given in Table I. Separate 
solutions of basal medium, amino acid test mixture, hydrolysates, standard 
amino acid, sodium chloride, and inocula were delivered into 3 inch test- 
tubes with the aid of an automatic pipette (Baltimore Biological Company 
instrument). The total volume of solution in each tube was 1.5 ml. All 
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of the solutions, except the basal medium, were adjusted to the same concen- 
tration of sodium chloride to compensate for any stimulatory or inhibitory 
salt effects. The standards (d(—)-, /(+-)-, and dl-glutamic acid) were run 
in quadruplicate at eleven levels and the test mixture and the protein 
hydrolysates were run in duplicate at two to five levels. The time and 
temperature of incubation were 72 hours and 35°, respectively. The ex- 
perimental results are given in Tables II to V. 


DISCUSSION 


It was found that d(—)- and l(+-)-glutamic acid could be determined in 
an amino acid test mixture containing about a 3:1 ratio of 1(+)- to d(—)- 
glutamic acid and in acid hydrolysates of casein and Lactobacillus arabino- 
sus cells. As was shown in Table II, acid production by each of seven 
organisms was essentially the same for each standard (d(—)-, l(+-)-, and 
dl-glutamic acid) at each of the eleven levels. Acid production by Strepto- 
coccus faecalis R was negligible for d(—)-glutamic acid and it was nearly 
equivalent for l(+)-glutamic acid and twice the quantity of dl-glutamic 
acid. 

As was shown in Table III, the recovery of [(+)-glutamic acid from the 
amino acid test mixture was 100.4 per cent, while that of total (d(—) + 
l(+-)-glutamic) acid averaged 100.8 (95.0 to 105.2) per cent. The cor- 
rected I(+-)-glutamic acid (Table IV) found for casein was 20.7 per cent 
and the total glutamic acid averaged 22.3 (21.4 to 23.3) per cent. Since 
the difference between these values is barely larger than the limits of 
accuracy of the microbiological procedures employed, the view that casein 
yields little, if any, d(—)-glutamic acid on acid hydrolysis appears to be 
correct. The l(+-)-glutamic acid (Table V) found for dry, defatted 
Lactobacillus arabinosus cells was 4.23 per cent and the total glutamic acid 
averaged 8.23 (7.37 to 9.20 per cent). The calculated d(—)-glutamic acid 
was 4.00 per cent. The values reported previously (3) for d(—)- and 
l(+)-glutamic acid in the same cell preparation were 3.67 and 3.87 per 
cent, respectively. 

Data for glutamic acid obtained by microbiological assay with Lacto- 
bacillus arabinosus 17-5 may be somewhat inaccurate, if the biological 
materials assayed contain both isomers of this amino acid, owing to the 
variable activity of d(—)- and 1(+-)-glutamic acid for this organism. It is 
of interest that Lactobacillus arabinosus 17-5 has been employed in all 
(published) microbiological assays for glutamic acid. 

It is the object of future investigations to improve the precision and 
accuracy of the assay procedures and to determine the amounts and 
proportions of the antipodes of glutamic acid in a variety of natural mate- 
rials. 
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Taste III 
Per Cent Recovery of U(+)- and Total Glutamic Acid from Amino Acid Test Mirture* 


Glutamic Total glutamic acid 
acid 
Amino acid 
test mixture, level | | Zecte- 
per tube S. fae- mostoc L.mesen-- L.cit- L.cit-  hacillus | L.lyco- L.dex-  L. dex. 
calis R dextran- teroides roverum rovorum lycoper-  persict} tranicum tranicum 
R043) (8293) | (797) (7013) stost 4005) 8459) R358) 
(4005) 
Y 
470 105.2 | 100.0; 92.5, 87.5, 98.8 | 102.2, 77.5 | 113.7 | 77.5 
90 101.3 100.6 106.9 110.2 107.2 | 107.2 104.9 9.8) 75.0 
1410 100.0 | | 100.0 102.2 | 
1880 | (95.3 | | | 


Average... 100.4 100.3) 99.7) 98.8 | 103.0 | 103.1 94.9 | 105.2 76.25 


* The amino acid mixture contained 1.27 per cent /(+)-glutamie acid and 0.424 
per cent d(— )-glutamic acid; otherwise, it was the same as amino acid test mixture 
No. 4 described previously (9). 

t Basal medium given in Table I. 

¢t Basal medium given in Table I, except that arabinose (1 per cent) and xylose 
(1 per cent) were substituted for glucose (2 per cent). 

§ Omitted in calculating the average value referred to in the text. 


TaBLe IV 

Per Cent of l(+-)- and Total Glutamic Acid in Casein 

| 

Glutamic Total glutamic acid 

acid | 
per tube | Leuco- | Lacto- 

S. fae nostoc® | L.mesen-| L.cit- | L.cst- | bacilius | L.lyco- | L. dex- | L. dex- 
calis R | dexiran- teroides rovorum rovorum | lycoper- persica} | tranicum | tranicum 
| (8043) tcum (8293) | (797) | (7013) sscst (4005) (8359) ($358) 
| (8086) | | (4005) 

18.6 20.8 21.5 | 20.6 23.6 | 22.1 | 29.5§/ 24.7 | 22.1 | 19.8 
37.3 20.5 | 21.2 | 21.4 | 21.5 | 21.5 | 21.7 | 23.5 | 21.2 | 21.2 
56.0 21.0 23.6 21.9 | 23.3 | 22.2 23.8 | 21.7 
74.6 20.6 | 22.4 | 23.2 | 22.8 | 22.8 | 23.5 | 24.2 | 20.2 | 22.6 
2 -i ma | 24.2 | 23.4 | 23.6 | 25.05 24.0 | 21.9 19.6 | 17.8§ 

Average..... 20.7 | 22.1 | 22.4 | 23.0 | 22.1 23.1 | 23.3, 21.4 | 21.3 


* Corrected for moisture and ash. 
t, t, § See the foot-notes to Table III. 
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Taste V 


Per Cent of U(+)- and Total Glutamic Acid in Lactobacillus arabinosus Cells* 


i(+)- 
Glutamic Total glutamic acid : 
acid 
L. ara>inosus 

cells, levels per Leuco- Lacto- 
cube S. fae- nostoc L.mesen- L. citro- L.citro- bacillus L.dex- L. dex- 
calis dextram- | teroides torum lycoper- persict} tranicum tranicum 
(O44) (293) 797) stcet (4005) (8359) (8358) 
(8086) | (4005) | 
60 3.97 | 8.12 | 7.80 | 7.80 | 7.80 | 10.60) 7.20 | 8.73 | 7.57 
120 | 4.02 | 8.07 | 8.34 | 8.83 | 8.20 | 9.95 | 7.84 | 8.00 | 7.84 ; 
180 4.43 8.70 9.04 8.96 8.60- 7.70 8.00 7.24 
240 4.25 | 8.20 | 8.98 | 9.17 | 9.94 — 8.00 6.73 | 6.83 q 
300 | 4.50 | | | | | 7.50 | 6.83 | 4.408 
| | i 
Average....| 4.23 | 8.14 | 8.38 | 8.71 | 8.72 | 9.20) 7.75 | 7.66 | 7.37 b 


* The cells were those referred to under the symbol, O:, given in a foot-note of a 


previous paper ((3) p. 75). 


t,t, § See the foot-notes to Table IIT. 


SUMMARY 
It has been found that d(—)-glutamic acid has no activity for Strepto- 


coccus faecalis R (8043) and Leuconostoc citrovorum (8082), and that it has 
activity equivalent to l(+-)-glutamiec acid for seven organisms. d(—)- 
Glutamic acid has variable, partial activity for eleven organisms. It has 
been shown that d(—)- and l(+-)-glutamic acid can be determined with 
reasonable accuracy in an amino acid test mixture containing about a 3:1 
ratio of 1(+-)- to d(—)-glutamic acid. It is concluded from the assay data 
that casein yields little, if any, d(—)-glutamic acid, and that Lactobacillus 
arabinosus cells yield about 4 per cent each of 1(+)- and d(—)-glutamic . 
acid. 
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THE DETERMINATION OF GLYCINE IN: PROTEIN 
HYDROLYSATES WITH LEUCONOSTOC 
MESENTEROIDES P-60* 


By 8. SHANKMAN, MERRILL N. CAMIEN, ann MAX 8. DUNN 
(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, September 4, 1946) 


The determination of glycine in protein hydrolysates with Leuconostoc 
mesenteroides P-6O is described in this communication. Although glycine 
has been reported to be essential, or accessory, to the growth of Strepto- 
coccus faecalis GS. lactis R) (2), Lactobacillus brevis (3), Lactobacillus pento- 
aceticus (3), Leuconostoc citrovorum (3), and Leuconostoc mesenteroides 
P-60 (3, 4), it has been determined microbiologically only with the last 
organism! (5). 


EXPERIMENTAL 


The assay techniques employed were essentially the same as those 
described previously (6). The protein hydrolysates, the inoculum sus- 
pensions and solutions of the basal media, amino acid test mixtures, the 
standard amino acid, and sodium chloride were delivered to 4 inch test- 
tubes with the aid of an automatic pipette (Baltimore Biological Company). 
The final volume was 2 ml. per tube. The solutions of all of the materials, 
except the basal media, were adjusted to the same concentration of sodium 
chloride to compensate for any stimulatory or inhibitory effects. The 
standard was run at fifteen levels (0 to 28 7), the amino acid test mixtures 
and the protein hydrolysates were run at five levels, and five to six replicate 
tubes were employed at each level of sample and standard. The com- 
position of the basal medium was the same as that given as Medium D, 
Table I, in Paper XVIII (4), except that glycine was omitted and the 
concentration of total amino acids was twice that stated in Table I, Paper 
XVIII. Glycine was added to the basal medium to overcome an induction 
period which extended from 0 to about 7 y of glycine. Usually 3 y of 
glycine per ml. of final solution per tube were added. It was found from 


* Paper 33. For Paper 32 see Dunn ef al. (1). This work has beer. aided by 
grants from the American Home Products Company, Merck and Company, Inc., 
the Nutrition Foundation, Ine., Standard Brands Incorporated, and the University 
of California. The authors are indebted to Miss Harriette Block for assistance. 

The Leuconostoc mesenteroides P-60 employed is American Type Culture Collection 
No. 8042. 

' In 8-laetoglobulin by an unpublished method. 
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experiments with multiple levels of total amino acids (1.3, 2.0, 2.7, and 
3.3 times the quantities given in Medium D, Table I, Paper XVIII) and 
varying concentrations of glycine (10, 20, 30, and 40 y per 2 ml. of final 


Taste I 
Assay of Glycine in Amino Acid Test Mizture 1” (Glycine | ( ‘ontent 1 = Per Cent) 


284.8 4.23 3.50 3.92 | 92.7 
569 .6 8.46 | 4.97 | 7.95 | 4.0 
854.4 12.70 : 6.32 | 12.70 | 100.0 
1139 16.93 | 7.52 17 .40 | 102.8 
1424 | | 8.08 | 20.80 98.3 


° The composition of the test mixture, except for the i ine sreased glycine content, 
is shown in Table IV of Paper XVII (7). 

t The contents of six replicate tubes at each level of sample were mixed and ti- 
trated with 0.124 N NaOH. The preferred conditions (see the ‘‘Discussion’’) were 
employed. 

t The recoveries in analogous experiments from a test mixture containing 0.866 
per cent glycine were 103 and 104 per cent and from one containing 0.292 per cent 
glycine were 112 and 108 per cent. 


Taste Il 
Assay of Glycine in Amino Acid Test Mirture 2* (Gl ycine Content 1.075 Per Cent) 
—— Gly i Titration volumet | Glycine found Glycine recovered 
372 4.00 3.43 3.70 92.5 
744 | 8.00 4.90 7.75 96 .9 
1116 12.00 6.28 | 12.60 105.0 
1488 16 .00 | 7.40 | 16.80 105 .0 
1860 | 20 .00 | 8.20 | 21.55 | 107.8 


* The composition of the test mixture is that given in Table i. of Paper XVIII (4). 

t The contents of six replicate tubes at each level of sample were mixed and ti- 
trated with 0.124 N NaOH. The preferred conditions (see the ‘‘ Discussion’’) were 
employed. 


volume per tube) that acid production was nearly constant under these 
conditions. 
The experimental results are given in Tables I to LX. 
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DISCUSSION 
. It has been found that glycine could be determined most accurately in 


samples containing widely varying concentrations of this amino acid under 
the following conditions: an inoculum of Leuconostoc mesenteroides P-60 


Taste Ill 
ig Assay of Glycine in Amino Acid Test Mixture 3* (Glycine Content 27.96 Per Cent) 
Titration volumet |  “lycine found Glycine recovered 
18.8 5.26 | 2.88 4.85 92.2 ; 
37 .6 | 10.51 | 4.54 10.52 100.1 4 
| 56.4 = |. | 5.65 15.70 99.5 4 
~ 75.2 | 21.02 6.65 21.10 100.4 
94.0 | 26.28 | 7.55 26 102.1 4 
i- " * The composition of the test mixture is given in Table III of Paper XIX (8). ; 
re t The six replicate tubes were titrated separately with 0.027 n NaOH. The : 
average of each set of six titration values is givenin Table III. The basal medium f 
56 was Medium D given in Table I of Paper XVIII (4), except that the level of total _ 
nt amino acids was 1.33 times that stated. The incubation time was 2 days. | 
Taste IV 
Assay of Glycine in Casein Hydrolysate* 
Hydrolyzed casein | 
7 per tube (moisture- and Titration volumet Glycine found per tube Glycine in casein 
4 ash-free) | 
| mi. Y per cent 
223 .7 | 3.45 4.16 1.86 
| 447.4 | 5.00 8.68 1.94 
671.0 | 6.38 13.30 1.98 
804.7 | 7.51 18.00 2.01 
1118 8.40 22.00 1.97 
- * The preferred conditions (see the ‘‘ Discussion’’) were employed. | 
). t The contents of six replicate tubes at each level of sample were mixed and ti- 
trated with 0.124 v NaOH. 


diluted with a volume of sterile saline from 3 to 9 times that of the medium 
- from which it was centrifuged, a basal medium containing 3 y of glycine 
per ml. of finul solution, and total amino acids at twice the level employed 
previously for the determination of lysine (8) and histidine (10), and in- 
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deviation from the mean values (five levels of sample) averaged about 2 


cubation for 3 days at 35°. Under these conditions, the average mean 
per cent, the recoveries of glycine from amino acid test mixtures and pro- 


Tasie V 
Recovery of Glycine Added to Casein H ydrol ysate* 

Hydrolyzed casein Glycine 

and ash-free) In casein per tubet 3 _ Added per tube Found per tube Recovereds 
Y | Y 7 | per cent 

111.8 | 2.18 | 2.00 4.28 | 105.0 
223 .7 4.35 | 4.00 8 .32 | 99 
335 .5 6.54 6.00 12.7 | 103.5 
447.4 8.71 | 8.00 15.20 | 81.1 
559 .2 10.89 | 10.00 21 .42 | 105.3 


* The sample was prepared to contain 10.0 y of gly cine and 559.2 y of moisture- 
and ash-free casein per ml. Volumes from 0.20 to 1.00 ml. were taken for the assays. 
The preferred conditions (see the ‘‘ Discussion’’) were employed. 
j t Estimated on the basis of the 1.95 per cent of glycine in casein given in Table 
IV. 
: t Calculated by the method given in Paper XXV (9). 


Tasie VI 
Assay of Glycine in Silk Fibroin H ydrol ysate® 
Hydrolyzed silk fibroin | 
per tube ~ a and Titration volumet Glycine found per tube _ Glycine in silk fibroin 
ree 
11.64 3.82 5.20 | 44.6 
23.28 5.53 10.40 44.6 
34.92 7.08 15.95 | 45.7 
46 .56 8.30 21.42 | 46 .0 
: 58.21 9.05 25 43.8 


* The preferred conditions (see the ‘“‘ Discussion’’) were employ od. 
t The contents of six replicate tubes at each level of sample were mixed and t’- 
trated with 0.120 n NaOH. 


tein hydrolysates were approximately 100 per cent, and the assay values 
for glycine in casein and for glycine in silk fibroin agreed closely. Rep- 
resentative assays under these conditions are given for glycine in three 
amino acid test mixtures (Tables I to III), glycine in hydrolyzed casein 
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Taste VII 
Recovery of Glycine Added to Silk Fibroin Hydrolysate* 


Hydrolyzed silk | | 
ash-free) | | 
Y | Y | Y | Y per cent 
5.82 | 2.61 2.00 4.60 99.5 
11.64 | 5.23 4.00 | 9.24 | 100 .2 
17.46 6.00 14.06 103 .7 
23.28 | 10.45 8.00 | 18.28 97 .9 
29.10 | 13 .06 10.00 | 22.16 91.0 


* The sample was prepared to contain 10.0 y of glycine and 29.10 y of moisture- 
and ash-free silk fibroin per ml. Volumes from 0.20 to 1.00 ml. were taken for the 
assays. The preferred conditions (see the ‘“‘Discussion’’) were employed. 

t Estimated on the basis of the 44.9 per cent of glycine in silk fibroin given in 
Table VI. 

t Calculated by the method given in Paper XXV (9). 


Taste VIII 
Summary of Recovery Data for Glycine from Amino Acid Test Mirtures* 


Amino acid Test Mixture No. 
1 2 
per cent per cent per cent 
Preferred conditionst | a.p.f 3.6 5.0 3.9 


Range§ | 97 .5-101.7 99 .9-103 .2 104.6 

Mean|} (100.2 + 1.8 (3)|102.0 + 1.1 (5) |104.6 + 3.9 (1) 
All other conditions A.D. 4.4 2.8 1.7 

Range | 90-128 87-112 98 .6-104 .2 
Mean (113 + 9 (25) |102.4 + 3.2 (23)/100.8 + 1.8 (9) 


* See Tables I to III for the composition of test mixtures. 

t See the “‘Discussion.’’ 

t Average mean deviation from the mean of the values at the five levels of the 
sample. 

§ Range of all assay values. 

|| Mean assay value + its mean deviation from the mean. The figures in the 
parentheses denote the number of assays. 

© The concentrations of amino acids varied from 1.33 to 3.33 times that employed 
under the preferred conditions; the incubation times varied from 2 to 6 days and the 
dilution of the inoculum suspension varied from 1:3 to 1:81. 


with and without added glycine (Tables 1V and V), and glycine in hydro- 
lyzed silk fibroin with and without added glycine (Tables VI and VII). 
The results of the assays of glycine in the three amino acid test mixtures 
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under all of the experimental conditions employed are summarized in 
Table VIII and the results of the assays of casein and silk fibroin for glycine 
are given in Table IX, 

It appears significant, however, that the accuracy with which glveine 
could be recovered from amino acid test mixtures decreased markedly as the 
glycine decreased from 1.486 to 0.292 per cent (see Table I). Analogous 
results were obtained previously in the assay of phenylalanine (6). That 
the accuracy with which glycine (or other amino acids) may be determined 
microbiologically in a protein hydrolysate is a function of its concentration 
is further indicated by the observation that the recovery of glycine under 
all of the experimental conditions approached the theoretical amount only 
from the amino acid test mixture (No. 3) in which glycine was present in 


Tasie IX 
Summary of Protein Assay and Recovery Data 
a Glycine in casein® | Glycine in silk fibroint 
| ' Recovered | Found Recovered 
| per cent | per «ent | percent | per cent 
Preferred conditions a.p. 3.7 3.6 | 3.0 at 
Range 1.82-1.95 98 .4-102.6 42.8-45.0 | 94.7-105.6 
Mean | 1.90 100.1 6 | 
| 0.04 (3) +1.6(3) | 1.0 (3); 4.1 (3) 
All other conditions a.p. 3.9 | 1.5 | 3.0 
| Range | 1.58-2.12 | 91-108 | 41.9-44.5 > 95.1-105.7 
Mean 1.93 43.4 (101.0 


£0.11 (23)/ + 3.1 (23) | 40.9 (8) + 3.28) 

* Corrected for the 6.21 per cent moisture and the 0.55 per cent ash in the prepara’ 
tion described in Paper XVII (7). 

t Corrected for the 5.68 per cent moisture and the 0.25 per cent ash in the prepara- 
tion described in Paper XVII (7). 


relatively high concentration (28 per cent). The value of amino acid 
test mixture experiments in assessing the dependability of an analytical 
procedure, first established by Osborne and Jones (11) in 1910, has been 
emphasized recently by Martin and Synge (12). 

It is of interest that an induction period extending up to about 7 y of 
glycine for Leuconostoc mesenteroides P-60 under the stated experimental 
conditions could be overcome satisfactorily for assay purposes by the 
addition of 3 y of glycine per ml. of final solution. The same phenomenon 
has been observed for Lactobacillus arabinosus 17-5 and some other organ- 
isms at low levels of glutamic acid (13-15), and Lyman et al. (14) utilized 
a basal medium for the assay of glutamic acid to which was added the 
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equivalent of 0.25 mg. of glutamine per tube. It has been proposed that 
glutamine rather than glutamic acid is the active metabolite for Lacto- 
bacillus arabinosus (14, 15) and some other organisms, but it does not seem 
probable that induction occurred in the present experiments because of the 
slow synthesis of some unknown substance possessing higher activity for 
Leuconostoc mesenteroides than glycine. A plausible explanation would 
appear to be that another structurally similar amino acid such as alanine 
exerted a depressive action at low levels of glycine. Lewis and Olcott 
(13) have found that aspartic acid was more effective than any other amino 
acid tested in depressing acid production by Lactobacillus arabinosus on 
a basal medium containing glutamic acid-free casein hydrolysate. These 
authors found, also, that glutamic acid activity was depressed significantly 
by arginine. The induction periods which have been noted in this lab- 
oratory for valine (Leuconostoc mesenteroides), phenylalanine (Lactobacillus 
fermenti), and serine (Lactobacillus casei) may be due to specific antagonism 
by leucine, tyrosine, and threonine, respectively. 
Glycine in Casein 

It has been found by assay with Leuconostoc mesenteroides P-60 under the 
preferred conditions that casein, corrected for moisture and ash, contained 
1.90 (1.82 to 1.95, range of three assays) per cent of glycine. The average 
value, 1.93 (1.58 to 2.12, range of twenty-three assays) per cent, was ob- 
tained under all other conditions. 

Martin and Synge (12) have stated that “the least satisfactory aspects 
of quantitative amino acid analysis seem at present to be (7) the deter- 
mination of glycine and hydroxyproline; (77) the differentiation of leucine 
and isoleucine.”” Only traces of glycine have been found in casein (16-19) 
by Fischer’s ester method. Although Fischer (18) recovered 78 per cent of 
the 5 gm. of glycine added to 25 gm. of hydrolyzed casein, it seems un- 
likely that as high a percentage of the relatively small amount of glycine 
present normally in casein could be isolated by the ester procedure. 40 
to 80 per cent of eleven amino acids in a test mixture was recovered by 
Osborne and Jones (11) in a study of the ester method but glycine was not 
investigated. 

Values ranging from 0.4 to 1.0 per cent of glycine in casein have been 
reported by workers (20-23) who employed an o-phthalic dialdehyde colori- 
metric procedure (21, 24, 25). Since histidine (26), as well as tryptophane, 
cystine, arginine, alanine, asparagine, and ammonium salts (25), gives 
colored products with this reagent, it seems unlikely that quantitative 
results would be readily obtainable by this method. It may be significant 
that the 22.2 per cent of glycine obtained (21) for gelatin by this colori- 
metric procedure was considerably lower than the values (25.5 to 27 per 


e 
| 


58 GLYCINE IN PROTEIN HYDROLYSATES 


cent) found by the solubility product (26) and the trioxalatochromiate 
(27) methods. !t is also of interest that no glycine could be detected in 
gramicidin (28) by the Patton colorimetric procedure, while two residues 
of glycine per thirty residues of total amino acids were found by means of 
the flowing chromatogram (29). 

About 0.5 per cent of glycine has been isolated from casein as the picrate 
(30), 0.3 per cent (31) as the nitranilate, and 3.6 per cent (32) as the ni- 
tranilate. The last value may be high, since the purity of the glycine 
nitranilate isolated from casein was not established. The product may 
have been contaminated with the nitranilates of some other amino acids 
since Stein, quoted by Block (33), has stated that high values were obtained 
by Town’s method probably because of the partial precipitation of the 
basic amino acids along with glycine. It is of interest that a method for 
the determination of histidine as the nitranilate has been described by 
Block (33, 34). 


Glycine in Silk Fibroin 


It has been found that silk fibroin, corrected for moisture and ash, con- 
tained 43.6 (42.8 to 45.0 range of three assays) per cent determined under 
the preferred conditions and 43.4 (41.9 to 44.5, range of eight assays) 
determined under all other conditions. It seems probable that the average 
value, 43.6 per cent, is approximately correct, since it is in close agreement 
with the average value, 43.8 (43.3 to 44.4, range of three determinations) 
per cent, determined by the 5-nitronaphthalene-1l-sulfonate (85) method 
and the average value, 43.8 (43.5 to 44.1, range of three determinations) 
per cent, determined by the trioxalatochromiate procedure (36). Boyd 
(37) reported that silk fibroin contained 42 per cent of glycine, determined 
gravimetrically as its hydantoin, while values ranging from 9.8 to 40.5 per 
cent have been found (38-57) by Fischer’s ester method. 


SUMMARY 


A microbiological method has been described for the determination of 
glycine in protein hydrolysates with Leuconostoc mesenteroides P-60. The 
preferred assay conditions were considered to be 3 days incubation at 35° 
and a basal medium of the composition reported previously (4), except that 
the concentration of total amino acids was twice that given and 3 y of gly- 
cine were added per ml. of final volume. 

It was concluded that the probable true value for glycine in casein is 
1.9 + 0.1 per cent and in silk fibroin 43.6 + 1.0 per cent. The value for 
casein is somewhat higher than any other reported in the literature (ex- 
cept that found by Town (32)), but that for silk fibroin is in close agree- 
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ment with the most reliable values which have been obtained by other 
workers. 
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KIDNEY PHOSPHATASE IN ALIMENTARY HYPERGLYCEMIA 
AND PHLORHIZIN GLYCOSURIA. A DYNAMIC MECHA- 
NISM FOR RENAL THRESHOLD FOR GLUCOSE 
By JULIAN B. MARSH axon DAVID L. DRABKIN 


tur or Wittram B. Gopparp 


(From the Departments of Physiological Chemistry, School of Medicine and the 
Graduate School of Medicine, University of Pennsylvania, Philadelphia) 


PLATE 1 
‘Received for publication, September 27, 1946) 


Glucose, which appears in the glomerular filtrate at all levels of blood 
sugar, is reabsorbed mainly in the proximal convoluted tubules of the 
kidney. ‘This has been established by Walker and Hudson (1) by means of 
micro dissection and microanalytical techniques. Under usual physio- 
logical conditions, the reabsorption of the sugar is complete. The renal 
threshold for glucose may hence be defined as that level of blood glucose 
beyond which complete tubular reabsorption no longer occurs. Involve- 
ment of the phosphorylation process in the mechanism of reabsorption of 
glucose was postulated by Lundsgaard and his colleagues (2, 3) in the 
explanation of phlorhizin glycosuria. Beck (4) studied the effect of 
phlorhizin on phosphorylation and dephosphorylation, and partially 
confirmed Lundsgaard’s views, although Beck’s positive findings with 
reference to dephosphorylation were limited to acid phosphatase. It is 
of interest that histochemical staining techniques (5, 6) suggest that the 
proximal tubules are one of the preferential sites of high concentration of 
the kidney phosphatase. Recent reviewers (7, 8), on the other hand, 
have regarded the evidence for the réle of phosphatase in tubular glucose 
reabsorption and particularly the inhibition of kidney phosphatase by 
phlorhizin as entirely inadequate. It should be pointed out that the work 
of Lundsgaard and his colleagues (2, 3) and Beck (4) has been confined to 
experiments in vitro. As far as we know, a demonstration of the relation 
of phosphorylation-dephosphorylation in glucose reabsorption in kidney 
tubules has not been demonstrated in vivo." 

One of the difficulties in earlier work is the confusion which has resulted 
from a lack of distinction between phosphorylation and dephosphoryla- 
tion. It is now recognized that, under the conditions existing in tissues, 
the position of equilibrium is such that the catalysis by phosphatase is 
essentially non-reversible. Phosphatase catalyzes only the dephosphoryla- 


* Personal communication to one of us (D. L. D.) from E. Lundsgaard. 
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tion of certain phosphate esters. The phosphorylation process js 
biologically under the control of separate, complex enzyme systems involy- 
ing hexokinase and adenosine triphosphate (ATP). It should be under- 
stood, therefore, that studies of phosphatase are directed mainly towards 
the dephosphorylation reaction. However, as will be seen later, in biologi- 
cal systems the separation of the dephosphorylation and phosphorylation 
process may be difficult. In the present investigation of the possible réle 
of phosphorylation-dephosphorylation in the renal threshold for glucose, 
attention has been directed to a study of phosphatase activity in two 
conditions: induced alimentary hyperglycemia with glycosuria and phlorhi- 
zin glycosuria. The study of the hyperglycemic state was undertaken, 
since it may be regarded as more physiological than phlorhizin poisoning. 
It was postulated that in acute hyperglycemia the tubular cells would 
be working at a maximum to reabsorb glucose, and, therefore, involvement 
of the phosphatase mechanism might be susceptible of demonstration. 
An improved method for the quantitative preparation of phosphatase 
extracts of kidney has been developed. It has been discovered from such 
extracts that hyperglycemia induces a significant increase in the level of 
both acid and alkaline phosphatase activity. This unexpected and 
interesting phenomenon received confirmatory evidence for its existence by 
a semiquantitative application of Gomori’s histochemical staining tech- 
nique (5). Moreover, it has been clearly demonstrated that the addition 
of phlorhizin inhibits markedly both the acid and alkaline phosphatase 
activity of the kidney extracts, and that the phosphatase activity of 
phlorhizinized rat kidneys is diminished. As an aid in interpretation, 
data have also been gathered on certain aspects of the phosphorylation 
process in kidney. 


Methods 


Extraction of Phosphatase—Albino rats of both sexes, 200 to 500 gm. 
in weight, fasted for 24 hours, were used. ‘The kidneys were secured by 
unilateral or bilateral nephrectomy, rapidly performed under moderate 
ether anesthesia. After as much connective tissue as possible was quickly 
removed, and the excess blood blotted with filter paper, the kidney was 
frozen with liquid air and ground to a powder in a mortar. ‘This is essenti- 
ally the procedure of Perlmann and Ferry (9). In preliminary studies of 
extraction procedures we have found that homogenization of the above 
powder results in higher phosphatase activity (appreciably higher than 
that reported for kidney by Beck (4)). An additional step was accordingly 
introduced: 0.2 to 0.3 gm. of the powder, representing approximately one- 
fifth of the original rat kidney, was transferred to a weighed test-tube 
homogenizer of the Potter-Elvehjem type (10). The tube was reweighed, 
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10 ml. of 0.5 m NaCl added, and the material homogenized for 2 minutes 
at room temperature. In the experiments involving phlorhizin greater 
concentration was required, and hence approximately 0.5 gm. of kidney 
powder was homogenized with 1.5 ml. of 0.6 m NaCl. 

Determination of Phosphatase Activity—Except in the phlorhizin experi- 
ments, | ml. of the homogenate was added to 9 ml. of a buffered sodium 
8-glycerophosphate solution, prepared according to Shinowara, Jones, and 
Reinhart (11), and previously adjusted to 37.5°. In the experiments with 
phlorhizin, acid phosphatase activity was measured with 0.5 ml. of the 
concentrated homogenate and 1.0 ml. of the buffered substrate (Shinowara 
et al.), pH 4.9 to 5.1, while the determination of alkaline phosphatase 
required special conditions. 0.5 ml. of the concentrated homogenate was 
added to 1.0 ml. of a solution containing 5.0 gm. of sodium 8-glycerophos- 
phate and 4.24 gm. of sodium diethyl barbiturate per 100 ml. The mixture 
was then adjusted to pH 9.2 by addition of 0.5 N acetic acid. 

The mixture of kidney extract and buffered substrate was incubated in 
a water thermostat for 1 hour at 37.5°. 5 ml. of 10 per cent trichloroacetic 
acid were then added to inactivate the enzyme. In each determination of 
phosphatase activity, aliquots, in which the enzyme was ifactivated by 
addition of trichloroacetic acid at the start of incubation, were used as 
controls to correct for the inorganic phosphate originally present in extract 
and substrate. Both the experimental and control solutions were filtered 
after inactivation. The inorganic phosphate present in an aliquot (usually 
2 ml.) of each filtrate was determined by the method of Fiske and Sub- 
barow (12), with a Klett-Summerson (13) photoelectric photometer with 
the red (A 660 my) filter. The pH of the buffered sodium 8-glycerophos- 
phate solutions was checked by a glass electrode. Blood sugar was deter- 
mined by the micromethod of Folin and Malmros (14), also by means of 
the photoelectric photometer but with the green (A 540 my) filter. 

Determination of Adenosine Triphosphate—0.5 to 1.0 gm. of powdered 
frozen kidney tissue was added to 7 ml. of 7 per cent trichloroacetic acid 
in a tared centrifuge tube at 0°, according to the procedure of Kaplan and 
Greenberg (15). The 7 minute-hydrolyzable phosphate was determined 
directly on the trichloroacetic acid filtrate made up to a volume of 25 ml. 

Determination of Acrobic Phosphorylation—The method used was essen- 
tially that of Colowick, Welch, and Cori (16). Both oxygen consumption 
by Warburg’s direct manometric technique (17) and decrease in inorganic 
phosphate were measured. The kidneys were removed from decapitated 
rats and immediately placed on cracked ice, weighed, and transferred to a 
homogenizer tube kept in ice. Sufficient 0.05 m phosphate buffer of pH 
7.5 was added to make the concentration approximately 180 mg. of tissue 
per 1 ml. of homogenate. The material was homogenized for 1 minute. 
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1 ml. aliquots of this homogenate were then added to the Warburg vessels 
containing | ml. of substrate and 0.2 ml. of 2 N NaOlIl in the center well, 
The compesition of the substrate per ml. was glucose 10 mg., Nak 3 mg.,, 
magnesium citrate 0.2 mg., and /(+-)-glutamie acid 4 mg., adjusted to pH 
8.0 with 1 x NaOH. ‘The vessels were gassed with 100 per cent oxygen 
for 2 minutes, and equilibrated at 38.3° for 8 minutes. Oxygen consump- 
tion was then measured for the next 10 minutes. After 30 minutes, the 
vessels were disconnected from the manometers and 2 ml. of 7 per cent 
trichloroacetic acid were added. ‘The contents were transferred to 100 ml. 
volumetric flasks, brought to volume, and filtered. ‘The inorganie phos- 
phate was determined on aliquots of the filtrate. At the start of the 
incubation period trichloroacetic acid was added to one of the vessels, the 
filtrate of which was used for the measurement of the inorganic phosphate 
originally present in homogenate and substrate. 


EXPERIMENTAL 


The data collected in Tables I and II indicate that alimentary hyper- 
glycemia was accompanied by a statistically significant (18) increase in the 
acid and alkaline phosphatase activities of rat kidney homogenates. The 
increase amounted to 55 per cent for the acid and 70 per cent for the 
alkaline phosphatase. That this rise was not accounted for by dehydra- 
tion of the kidney tissue as a consequence of the administration of hyper- 
tonic glucose to a fasted animal was evident from the constancy of the wet 
weight-dry weight ratios. 

As an independent check on these results, kidney sections from a fasted 
and from a hyperglycemic rat were stained for acid phosphatase by the 
Gomori technique (5). By limiting the incubation period to only 7 hours 
at 37.5°, it was possible to make a semiquantitative demonstration by this 
method. In Fig. 1, A, the tissue from the fasted rat showed only very 
slight staining for ‘phosphatase activity,’ whereas in Fig. 1, B, the kidney 
section from the hyperglycemic animal was stained very heavily. 

In Table III we present data showing that phlorhizin added in vitro was 
capable of inhibiting markedly both acid and alkaline phosphatase activity 
of rat kidney extracts. The magnitude of the inhibition depended on the 
phlorhizin concentration. In contrast with the findings of Beck (4), in our 
experiments the effect was more pronounced in the pH range of alkaline 
phosphatase. 

Evidence that the inhibitory effect of phlorhizin on kidney phosphatase 
activity can also be demonstrated in vivo is furnished in Table IV. We 
could not demonstrate the effect of the drug when we measured the activity 
of the dilute kidney homogenates from phlorhizinized rats. In the success- 
ful demonstration, the concentrated homogenates previously described, 
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Acid Phosphatase Activity, at pH 4.9 to 5.1, per Gm., Wet Weight, of Kidney Tissue in 
24 Hour-Fasted and Hyperglycemic Rats 
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Blood Ratio, wet todry Phosphatase 
weight 


3.98 


(3.97 
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TaBLe I—Concluded 


. Glucose Time of Blood Ratio, wet to dry Phosphatase 
Rat No. State oh 


dosage* analysist sugar weight activity$ 
| | em. | kes. 100 | | me. P per he. 

48 | Hyperglycemic 1.0 1.00 © 4.29 | 

49 | on 1.0 | 1.00 | 4.57 | 

61 1.0 | 2.00 4.38 | 

63 | | 1.75 4.87 

64 - | 1.0 | 2.00 | 4.27 

Fasted, mean + $264 0.20 5.30 +4 0.31 


Hyperglycemic, mean + 23+ 0.16 8.21 + 0.48 


* Total amount of glucose, administered by stomach tube to fasted animals in a 
50 per cent solution, 2 ml. per hour, usually for 3 hours. 

t Interval of time between the last dose of glucose and nephrectomy. 

t Expressed as mg. of P liberated in 1 hour from sodium 8-glycerophosphate at 
37.5°. This is equivalent to Bodansky units (19). 

§ In Rats 16 to 19 unilateral nephrectomy was performed to obtain the values in 
the fasting state, while the analyses after hyperglycemia were carried out 2 weeks 
later on the remaining hypertrophied kidney. 

|| Standard error = ++ Xd?/n(n—1). The value of ¢ (Fisher (18)) for the differ- 
ence between the means of fasted and hyperglycemic rats is 5.27 with a probability, 
P, of less than 0.01 that this difference may be attributable to chance. 


in which the concentration of phlorhizin in the final extract was about 
one-fourth its concentration in the original kidney tissue, were studied. 
While values for phosphatase activity on such concentrated homogenates 
were relatively low (compare the values in Table IV with those in Tables 
I to III), nevertheless they were reproducible and justified comparison of 
values before and after phlorhizin. Both acid and alkaline phosphatase 
activities were definitely lower in the phlorhizinized animals than in the 
normal controls. Experiments were performed which suggest that the 
inability to detect the action of phlorhizin in the dilute homogenates may be 
attributable to the dilution of the drug (and this factor may explain some of 
the discordant results in the literature). When aliquots of the concentrated 
homogenates from the phlorhizinized animals were diluted 10-fold, they 
then yielded essentially normal values for phosphatase activity (for 
example, in Rat 40, Table IV, upon dilution of the homogenate the activ- 
ities of the acid and alkaline phosphatase became, respectively, 5.6 and 45 
mg. of P per hour). Furthermore, the inhibitory effect of phlorhizin on 
phosphatase could be removed by dialyzing homogenates to which the 
drug had been added against 0.5m NaCl. (In one experiment, the activi- 
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ties before and after dialysis were, respectively, 5.3 and 6.3 mg. of P per 
hour for the acid and 17.6 and 20.5 mg. of P per hour for the alkaline 
phosphatase.) The increase in kidney phosphatase activity, observed 
in normal animals rendered hyperglycemic, was also found in phlorhizinized 


Il 


Alkaline Phosphatase Activity, at pH 9.2 and 8.3, per Gm., Wet Weight, of Kidney 
Tissue in 24 Hour-Fasted and Hyperglycemic Rats 


Rat No. State — | | pH 
| on hrs. omg. P per hr. 

20 |= Fasted 9.2 
22 | | | 
25 9.2 | 
26 Hyperglycemie 9.2 | 100 
34 1.0 3.50 9.2 
106 1.0 i 
107 “ 1.0 Le | 77 
Fasted | | 8.3 
06 | | 83 | 2 
97 | | 
100 | @ 
101 Hyperglycemic 1.0 | 
103 1.0 1.00 8.3 | 
104 1.0 1.00 8.3 
105 1.3 1.50 8.3 it 

Fasted, mean + 9.2 48.1 + 2.7 

8.3 2.4241.7 

Hyperglycemic, mean + s.r«.f. 9.2 85.0 + 5.6 

8.3 35.8 + 4.1 


*See foot-notes to Table I. 
+ The value of ¢ for the difference between the means at pI 9.2 of fasted and hy- 
perglycemic rats is 6.61, with P = less than 0.01; at pH 8.3¢ = 3.38, with P = 0.01. 


rats given glucose by stomach tube when the test was performed on the 
dilute homogenates. However, when the concentrated homogenates from 
phlorhizinized animals receiving glucose were tested, kidney phosphatase 
activity remained inhibited. 
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Ill 


Phosphatase Activity of Rat Kidney Extracts, at pH 5.0 and 9.2, before and 
after Addition of Phlorhizin to Final Concentration of 0.01 and 0.001 a 


The results are expressed i in mg. of P per hour. 


~~ | Original activity. activity after ack dition of phlorhizin 
pH 5.0 pHo2 | — 
| pH 5.0 | | pH 9.2 

41 8.9 | 4.0 | 

42 6.0 29 4.0 1.5 | 

43 3.8 21 1.6 | 3.3 | 

44 5.0 | 11.5 

45 4.1 4.2 
Mean... 5.56 {| sa 7.85 
% inhibition of phosphatase*.... 91 62 


* Corresponding values for phosphatase activity in the absence and presence of 
phlorhizin were used to calculate these average values for per cent inhibition. 


Taste IV 


Acid and Alkaline Phosphatase Activity, at pH 5.0 and pH 9.2, of Kidneys from Normal 
and Phlorhizinized Rats 


Phosphatase activity 


Rat No. State 
| | pH 5.0 | pH 9.2 
| me. P per hr. me. P per hr 
35 | Normal (fed) | 0.62 8.7 
36 | | 10.3 
7 0.81 8.5 
95 | “ “ | 
38 Phlorhizinized* | 6.9 
39 | 0.29 
40 | | | 6.1 
Normal, mean + s.k8.f... | 9.17 + 0.57 
Phlorhizinized, mean + s.r 0.58 + 0.14 | 5.47 + 1.06 


* Phlorhizin in oil administered subcutaneously for 3 days. The dose was 140 
mg. per kilo per day. Urine D:N ratios of the phlorhizinized rats averaged 4.3:1. 

t In the case of the mean values for acid phosphatase, ¢ = 2.93 and P = less than 
0.02, while for the alkaline phosphatase means, ¢ = 2.78 and P = less than 0.05. 


The data in Table V suggest that the concentration of adenosine tri- 
phosphate does not play a determining réle in the phenomenon of renal 
threshold for glucose. There was no difference in the ATP content of 
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V 
Adenosine Triphosphate Content per 100 Gm., Wet Weight, of Kidney Tissue in 24 
Hour-Fasted, Hyperglycemic (Given 1 Gm. of Glucose in 50 Per Cent 
Solution), and Phlorhizinized Rats 


Rat No. State 
2 Fasted 
29 

53 
54 
55 
56 
57 
5S 
59 
ou 
61 Hyperglycemic 
62 
63 
65 
66 
67 
68 
69 
70 oa 
39 Phlorhizinizedt 
40 
71 
72 
73 
7 
75 
76 

Fasted, mean + 8.E.......... 


Hyperglycemic, mean + 
Phliorhizinized, “ + “ 


Time of analysis* 


Ars. 


Adenosine triphosphate 
contentt 


me. P per 100 om. 


— — 
SASH 


See 


t Expressed as mg. of P liberated per 100 gm., wet weight, of tissue by 7 minutes 
of hydrolysis in 1 N H,SO, at 100°. 


t See foot-notes to Table LV. 


kidneys from fasted and hyperglycemic rats, while ATP of kidney appeared 
to be slightly increased in the phlorhizinized rats. 


>, 


69 
' | | 3.7 
5.7 
6.5 
| 5.58 
| | 5.5 
11.0 
| 6.5 
| 10.3 
10.1 
| 2.00 | 
| 2.00 
| | 1.75 
| 2.00 
2.00 
| 1.00 
| 2.00 
| 1.00 
| 1.00 
| | | 
| | | 
| | | 
| 
| 
| | 
| 
= 
7.56 + 0.61 
| * Interval of time between the dose of glucose and nephrectomy. 


VI 
Phosphorylation and Orygen Consumption in Kidney Homogenates from 24 
Hour-Fasted and Hyperglycemic Rats 
Rat No. State | | | Phosphorylation: Cons 
| gm. | Ars. me. P per min 
7 -Fasted —5.0 3.0 
| 78 | | | 
7 $6 | 1.5 
| | =—1.8 | 2.3 
| —O.4 | 3.2 
S3 0.0 | 5.4 
S4 6.4 
85  -0.4 | 8.1 
S6 | —0.2 | 4.2 
87 —0.7 3.0 
SS Hyperglycemic 1.76 | 1.25 —2.0 | 2.7 
1.25 | 1.00 | —1.0 3.6 
90 “ 1.25 | 1.00 1.1 3.5 
91 1.00 1.00 3.1 | 4.3 
92 se 1.00 1.00 | 0.0 | 5.7 
Fasted, mean + —1.3442 0.42 | 4.14 + 0.45 | 
Hyperglycemic, mean + s.B.).. | 0.244 0.88 3.95 + 0.50 | 


* Total amount of glucose, administered by stomach tube in a 50 per cent solution. 
t Interval of time between the dose of glucose and nephrectomy. 


{ Expressed as decrease (negative sign) of inorganic phosphate in mg. per gm., 
wet weight, of kidney tissue per 30 minutes at 38.3° in an atmosphere of pure oxygen. 
§ Oxygen consumption per wet weight of tissue. 
| The value of ¢ for the difference in means for phosphorylation in the fasted and | 
hyperglycemic rats is 3.02, with P = less than 0.01. | 
Tapie VII 


Phosphorylation and Oxygen Consumption in Rat Kidney Homogenates before and 
after Addition of Phosphatase 


Rat No. Phosphatase added* = 
me. me. P per 30 min. microlilers per me. per hr. 
86 0.0 —0.20 4.2 
| 2.0 0.55 2.3 
87 0.0 —0.70 3.0 | 
1.0 0.00 2.5 | 
93 0.0 —0.63 4.2 | 
1.0 ~0.45 24 | 
2.0 —0.2: 2.3 


*A solution containing 10 mg. of phosphatase powder (20) per ml. of 0.01 m ) 

NaOH was used. 1 mg. of this phosphatase preparation produced a 62 per cent in- 

crease in the alkaline phosphatase activity of the original homogenate. 
t See foot-notes to Table VI. 
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Under the conditions of our experiments (Table VI), the average de- 
crease of inorganic phosphate (as a measure of the phosphorylation process 
(16)) in fasted rat kidney homogenates was 1.3 mg. of P per gm. of tissue 
per 30 minutes, while in three out of five hyperglycemia experiments either 
no decrease or an increase in the inorganic phosphate was found. This 
finding could suggest that there was some inhibition of phosphorylation in 
the kidney homogenates from the hyperglycemic rats. The oxygen con- 
sumption of the kidney homogenates from the hyperglycemic animals 
was not appreciably lower than that from the fasted animals (Table V1). 

Since in hyperglycemia there was an increase in phosphatase activity 
(Tables I and II) which might be responsible for the above apparent 
decrease in phosphorylation, various unsuccessful attempts were made 

‘to inhibit specifically the phosphatase activity without simultaneous 
inhibition of the phosphorylation process. The effect of increasing the 
phosphatase activity by the addition to kidney homogenates from normal 
fasted rats of an active preparation of beef kidney phosphatase (20) was, 
therefore, studied. In such experiments, reported in Table VII, a marked 
inhibition of both phosphorylation and oxygen consumption was demon- 
strated following the addition of phosphatase. 


DISCUSSION 


In our experiments the phosphatase mechanism has been definitely 
implicated in the renal reabsorption of glucose. However, we have been 
unable to exclude the possibility that the phosphorylation process is also 
involved. It is indeed likely that a type of homeostasis may exist between 
phosphorylation and dephosphorylation. A separation of the two processes 
was not possible in our experiments which suggest that an increase in 
phosphatase activity may produce a relative inhibition of the phosphorylat- 
ing system. 

A consideration of our experimental results, which indicate that ali- 
mentary hyperglycemia induces an increase in kidney phosphatase activity, 
leads us to propose the following hypothesis. The renal threshold for 
glucose is at least in part an expression of the limit to which phosphatase 
activity can be raised. Beyond this limit, tubular reabsorption is incom- 
plete, and spillage of sugar into urine takes place. In this view, renal 
threshold for glucose (and probably for other threshold urinary con- 
stituents) becomes a dynamic function, under enzymic control. 

Our demonstration that phlorhizin inhibits phosphatase activity both 
in vitro and in vivo lends support to the above hypothesis of the réle of 
phosphatase in glycosuria. Our experiments with phlorhizin are consonant 
with Lundsgaard’s original concept (2) of the action of phlorhizin, and go 
materially beyond the findings of Beck (4) in this connection. We believe 
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that two factors are largely responsible for the present successful dem- 
onstration of the effect of phlorhizim on both acid and alkaline phos- 
phatase: (a) the preparation of more active extracts of kidney than those 
obtained by Beck (4), and ()) the use of concentrated kidney homogenates, 
Even in the case of the latter, in which phosphatase activities are relatively 
low, they are of similar or higher magnitude than those obtained by Beek, 

The hypothesis which has been proposed for the reabsorption of glucose 
from the glomerular filtrate is consonant with current views upon the 
homeostatic control of blcod and tissue sugar levels (21), and may thus 
have general applicability. Pertinent in this connection is the finding (22) 
that in glycogen disease the increased deposition of glycogen, accompanied 
by hypoglycemia, is associated with decreased alkaline phosphatase ae- 
tivity of the liver. ‘Thus, when liver phosphatase activity ts low, blood’ 
sugar cannot be produced in adequate amount, although glycogen is avail- 
able. In an analogous way, when kidney phosphatase activity is insuff- 
cient, an adequate transfer of glucose to blood from the glomerular filtrate 
is not possible. It is also of interest that Bodansky (19) has reported 
an increase in serum alkaline phosphatase activity after the administration 
of carbohydrate. 

The increase in phosphatase activity following induced hyperglycemia is 
of interest in itself. It is striking that in relatively brief periods of time 
such increases in enzyme activity could occur. At present no satisfactory 
explanation for this phenomenon is available. 


SUMMARY 


A modified method, by which active extracts are obtained, has been 
developed for the quantitative measurement of kidney phosphatase 
activity. 

The following findings have been made. 

1. Induced alimentary hyperglycemia was found to be accompanied by 
increased acid and alkaline kidney phosphatase activities. The increases 
were, respectively, 55 and 70 per cent. 

2. The inhibition of both acid and alkaline kidney phosphatase activities 
by phlorhizin has been demonstrated in vivo as well as in vitro. 0.01 M 
phlorhizin produced an inhibition of 40 per cent in acid and 91 per cent 
in alkaline phosphatase activity. 

3. The adenosine triphosphate content was of the same magnitude in the 
kidney tissue from fasted and hyperglycemic rats. 

4. An inhibitory effect upon phosphorylation and oxygen consumption, 
due to increased dephosphorylation, was demonstrated in experiments in 
which phosphatase activity was increased by means of the addition of a 
preparation of the enzyme to kidney homogenates. : 


| 
f 
i= 
a 
ia 
| 
4 
a 
¢ 
' 


m- 
ose 
Les, 
ely 

ose 
the 
hus 
22) 
ied 
ac- 
ood . 
ail- 
iffi- 
rate 
ted 


a is 
ime 
ory 
een 
tase 
| by 
ASCS 
ities 
yl M 
cent 
the 


on, 
sm | 4 
of a 


PLATE 1 


(Marsh and Drabkin: Phosphatase and glycosuria) 


THE JOURNAL OF BIOLOGICAL CHEMISTRY. VOL. 168 


| 


J. B. MARSH AND D. L. DRABKIN 73 


The probable significance of the findings has been discussed with reference 
to the réle of phosphatase in the tubular reabsorption of glucose. It has 
been postulated that the phenomenon of renal threshold for glucose is 
at least in part an expression of the limit to which kidney phosphatase 
activity can be raised. 
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EXPLANATION OF PLATE 1 


Fic. 1. Kidney sections from fasted (A) and hyperglycemic (B) rats, stained by 
Gomori’s technique (5) for acid phosphatase activity; incubation period 7 hours at 
375°. & 65. 
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IMMUNOLOGICAL REACTIONS BETWEEN FILMS OF 
ANTIGEN AND ANTIBODY MOLECULES 


By ALEXANDRE ROTHEN 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, October 17, 1946) 


The fundamental nature of the reactions between antigen and antibody 
molecules is far from being understood in spite of a tremendous amount 
of accumulated experimental data. A number of theories have been 
proposed on the basis of the available experimental evidence. Some of 
the facts, however, which were used in support of a given theory could as 
well have been used to justify a different point of view. 

The immunological theories proposed so far can roughly be classified 
into two main groups which, at first sight, would seem incompatible with 
each other. Bordet, a representative of the first group, maintained that 
antigen and antibody molecules combine in continuous proportions. More 
recent authors, who belong to the second group, assume that immuno- 
logical reactions are nothing more than ordinary chemical reactions, and 
that combinations, therefore, occur in definite multiple proportions. It 
will become apparent from the present immunological investigation that it 
seems difficult if not impossible to harmonize the presented facts with 
this latter point of view. 

The aim of this study was to investigate the conditions under which 
an antigen, when it is present. as a monomolecular layer on a metal slide, 
will attach specifically homologous antibody molecules. It can be shown 
readily that a film of antigen deposited on a metal slide will adsorb a definite 
thickness of homologous antibody molecules when brought into contact 


with a solution of the latter (1). Thus a specific force of some kind is * 


easily demonstrated. It was only logical to raise the question of just how 
far such a force would extend. The possible use of inert film barriers whose 
exact thickness could be measured readily appeared to offer a unique way of 
investigating this question. A most striking phenomenon was quickly 
brought to light. It was found that up to a certain thickness the inter- 
vening screen or barrier did not altogether suppress a specific interaction 
between antigenic films and antibody molecules. From these new facts 
it would appear that the old colloidal view of Bordet is justified in part for 
the interpretation of the mechanism of immunological reactions. The 
proponents of the chemical theories may have gone too far in the opposite 
direction, and it may turn out in the end that both view-points can be 
looked upon as limiting cases of a more general theory. 
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ANTIGEN AND ANTIBODY REACTIONS 


Procedure 


The experimental procedure consisted in spreading films of antigen 
at an air-water interphase and then transferring them on metal slides 
according to the method of Blodgett and Langmuir (2). When a solution 
of homologous antiserum was brought into immediate contact with the 
slide, the thickness of the adsorbed laver, measured after washing and 
drying, corresponded to the amount of antibody molecules immobilized 
on the antigenic films. The main object of this study was to investigate 
the effect on the immunological reaction of intervening barriers of inert 
material deposited on the antigenic films. 

Since all our deductions are based on measurements of thickness of films 
and adsorbed Jayers, the technique involved in this type of measurement 
will be first reviewed. 

Film thicknesses were determined optically. They were obtained by 
measuring the change that takes place in the ellipticity of polarized light 
reflected from a polished stainless steel slide after it had been coated with 
films under investigation. This was accomplished with the help of an 
apparatus recently described, called the “‘ellipsometer” (3), a differential 
instrument based on the half shadow principle. The half shadow is 
obtained by covering a clean polished metal slide with one, two, or more 
reference films, and the lower half of the slide with two additional lavers, 
The reference films used were either barium stearate or octadeevlamine. 
Since the difference in thickness of the films covering the upper and lower 
halves of the slide is 49 A, the difference in ellipticity of the light refleeted 
from these two half fields is such that both halves of the slide appear of 
unequal intensity when viewed through a quarter wave-length plate and 
analyzer properly oriented. The measurement consists in rotating the 
analyzer until both halves of the slide are matched. ‘This position of the 
analyzer gives the zero reading for the particular slide. All slides are 
covered with such an optical gage and the zero reading is taken before 
films of unknown thickness can be measured. ‘These need to be deposited 
on the central part of the slide only, where the dividing line het ween the 
upper and the lower part is located. This added layer changes the ellip- 
ticity and orientation of the ellipses corresponding to both half fields, which 
then become unequal in intensity. Equal intensity can be restored by 
rotating the analyzer, whose angle of rotation is a measure of the thickness 
of the film. The technique is comparable to that used in polarimetry. 

For routine measurements calibration curves, as previously deseribed (3), 
were found most useful. Increments in thickness are characterized by 
rotations in one direction and decrements by rotation in the oppesite 
direction. ‘The sensitivity of the apparatus permits determination of an 
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optical thickness within +0.3 A. The absolute thickness depends on the 
knowledge of the retractive index of the films. Two indices are needed if 
the films are anisotropic. In all the measurements reported in this article 
the assumption was made that films and adsorbed lavers have the same 
refractive index as barium stearate (n= = 1.495). The difference bet ween 
the values of the retractive index of proteins and barium stearate is not 
large enough to introduce any serious error. In any case it would not 
affect the relative thickness of the lavers upon which the present considera- 
tions are based. It might be said that for an angle of incidence of 69.2°, 
at which the measurements were made, and for the range of thicknesses 
considered, the added layers affect mainly the phase difference of the com- 
ponents OP vibrating in the plane of incidence and OS vibrating perpen- 
dicular to the plane of incidence (3) and to a lesser degree their relative 
magnitude. For a given angle of incidence the phase shift A is given by 
the equation A = —A(1 — (1/n*))l, where A is a constant, n the refractive 
index, and / the thickness of the layer (4). It is therefore apparent that a 
change in the refractive index from 1.50 to 1.55 will bring about a difference 
of 5 per cent only in the corresponding phase shift and consequently in the 
thickness of the films. 

The preparation of the optical gages on the metal slides has been dis- 
cussed elsewhere (3). 

The assumption made in the measurement of deposited layers is that the 
thickness is the same on the upper and lower parts of the slide. This 
seems always to be the case with films transferred onto a slide from a 
liquid interphase. On the other hand, when molecules are adsorbed on a 
slide, the amount adsorbed on one monolayer of reference film is not 
necessarily the same as on three layers. To test this possibility many 
experiments were carried out with optical gages made of one and three, 
as well as two and four, and three and five, lavers of reference films. In 
all cases the results obtained were independent of the number of layers 
of the optical gage, except possibly in one case which is discussed later. 
It is of interest to note that slides covered with barium stearate are dry 
when emerging from the tray, whereas they are wet when coated with 
octadecylamine. 

Spreading of Antigen Films-—Films of antigen were formed by spreading 
a drop (~0.02 ce.) of an aqueous solution of the antigen on the surface of a 
clean Adam-Langmuir trough filled with twice distilled water. Two 
troughs made of Plexiglas were used, one 50 X 14 em. and the other 
30 X 13 em. 

The concentration of the antigen solution was such as to allow the 
covering of three-fourths of the surface of the trough at zero pressure. 
3 minutes after spreading, the films were compressed to 8 or 9 dynes and 


. 
» 
— 
Fi 
ei 
l 
4 ta 
a 
~ 
= 
4 
4 


7s ANTIGEN AND ANTIBODY REACTIONS 


transterred to the metal slides. Surface pressure was measured by the 
vertical pull method (5). The antigenic films could be trangerred to four 
or five slides at one time by means of a special stand, a photograph of 
which can be seen in Fig. 1. The knob A, which determines the vertieg| 
motion of the slides, carries a scale to facilitate the control of the depth to 
which the slides are immersed. One monolaver of antigenic film can be 
transterred either by immersing the slide into the tray betore the protein 
has been spread (the symbol 7 is used to denote this operation) or by 
removing the film from the surface of the trough after the slide has been 
immersed (symbol |). It was found easy to transfer two monolayers of 
most proteins. However, it was difficult to deposit more than two layers 


Fic. 1. Stand for film transfer on tive slides simultaneously 


on an optical gage of barium stearate. In the case of bovine albumin, for 
instance, it was impossible to transfer three or more double layers of the 
film. However, it was found that if the slides covered with an optical 
gage of barium stearate were first conditioned with a solution of uranyl 
acetate (6) many double lavers could be deposited without diffieulty. 
This is accounted for by the fact that the first anchored molecules were so 
strongly polarized that they polarized in turn the molecules deposited on 
top, and so on along the successive layers. This polarization increases the 
bonding energy of the successive lavers, which becomes strong enough to 
prevent the top lavers from slipping back onto the water surface when the 
slides are taken out of the trough. Thickness measurements demonstrated 
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that the antigenic films consisted of completely unfolded molecules, since 
the thickness per monolayer was found consistently between 8 and 9 A 
after transfer under 8 dynes of pressure. 

The conditioning solution of uranyl acetate (7) was made up of equal 
parts, mixed just before use, of a 10-° mM solution of uranyl acetate and a 
veronal buffer, 0.02 mM, pli about 7. The pli of the mixture was about 6.6. 
The plates were wetted by such conditioning as long as the pH stayed 
within 5.5 to 7.5. The conditioning was accomplished by covermg the 
slide for 3 minutes with approximately | ce. of the solution, after which the 
plate was washed with redistilled water and dried. “The increase in optical 
thickness resulting from conditioning was ~8 A, 

Deposition of Screens ~The screens consisted of layers of barium stearate, 
octadecviamine, protem multilavers, and Formvar, which according to the 
manufacturer is a polyvinyl formal resin with an average molecular weight 
of 13,000 to 15,000. Barium stearate and octadecylamine screens were 
formed in the same way as the optical gages. It is of interest to mention 
that when a double laver of barium stearate was deposited on one or two 
monolayers of protein the slide came out wet, a film of water being squeezed 
in between the two lavers. After drying, the slide was hydrophobic. On 
the other hand, if the slide had been conditioned before the transfer of the 
protem films, it came out dry after the deposition of the double layer of 
barium stearate. ‘The deposition of the screen was made at room tempera- 
ture. It was observed that barium stearate screens could not be deposited 
regularly on a double layer of egg albumin at a temperature above 25°, 
but the deposition proceeded easily at 20°. This temperature effect de- 
pends partly on the protein, since stearate screens could be deposited above 
25° on a double layer of bovine albumin. 

The protein sercens were made in the manner described for the transfer 
of antigenic films. One essential condition in the choice of the substance 
is that there is no cross-reaction with the particular antiserum. 

Formvar screens were formed by smearing a drop of an ethylene di- 
chloride solution on the slide, which was then allowed to dry in a vertical 
position. By using drops of the same size it was found that the thickness 
of the screen was roughly proportional to the concentration used. For 
instance, a solution of 0.1 per cent gave a screen of about 150 A. In a few 
cases the Formvar films were made on clean microscope slides. If, after 
evaporation of the solvent, the slides were quickly plunged into a dish 
filled with water, the films could be detached and floated on the surface. 
They could then be transferred on protein-coated metal slides in two ways, 
either by lowering the slide face down into the surface or by dipping the 
slide into the dish under the film and lifting it. In the first method the 
slides were dry when the film was picked up; in the second they were wet 
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with a layer of water between slide and Formvar film. After drying, the 
slide became hydrophobic. 

Reaction with Antisera—All sera were diluted 1:10 with phosphate 
buffer of pH 7.05 (0.825 gm. of NaOH and 3.45 gm. of KEH,PO, per liter), 
containing 0.9 per cent NaCl. A drop of such diluted serum was smeared 
on the slides to be tested (with or without screen) and left there 10 minutes 
before washing. For the adsorption period the slides were placed in 
horizontal test-tubes containing a piece of wet absorbing cotton to prevent 
the drying of the slides. At room temperature the reaction proceeded 
extremely rapidly and was nearly completed in 2 to 3 minutes. 

Washing—The slides were washed with water after the deposition of the 
antigenic layers. ‘They were washed after adsorption of the serum with the 
saline phosphate solution used for the dilution of the serum and then with 
redistilled water. 

Reproducibility of the results was found to depend in some measure on 
uniform washing. Therefore in washing, the slides were held in clamps 
attached at about 20° from the vertical position to a movable rack and 
could be brought into contact in turn with the tips of two special 15 ce. 
pipettes, the design of which can be seen in Fig. 2. The flattened end of 
the pipettes was 2 cm. X 0.1 em. It required about 3 seconds for them 
to empty. As it appears from the drawing, the pipettes were automati- 
cally filled each time to the same level. The temperature of the washing 
solutions was found to be of no importance as long as it did not go much 
above 20°. The bottles containing the stock solutions were kept in a tank 
cooled with running water or ice. 

Systems Investigated—Experiments were carried out with the following 
antigens: crystalline egg albumin, crystalline bovine albumin, polysac- 
charide from pneumococcus type III, and crystalline ferritin and apo- 
ferritin. Rabbit immune sera were used exclusively.' 

Reproducilnlity of Results— Generally the amount of specifically adsorbed 
antibody, with or without screen, could be reproduced within 10 per cent. 
Thus when thick layers of antibodies were adsorbed, the variations were 
well above the limit of sensitivity of the ellipsometer. The causes of the 
variations have not as yet all been traced. For instance, it was established 
in the case of films of bovine albumin that the amount of adsorbed antibody 
was consistently larger by 10 per cent when the films had been spread on 


1] am greatly indebted to Dr. Bacon F. Chow of The Squibb Institute for Medical 
Research, New Brunswick, New Jersey, for a supply of bovine albumin and antisera; 
to my colleagues at the Rockefeller Institute, Dr. O. T. Avery and Dr. M. MeCarty, 
for some rabbit antipneumococcus sera; to Dr. M. W. Chase for the anti-egg albunmin 
sera; to Dr. W. F. Goebel for the polysaccharide type III; and to Dr. 8. Granick for 
a supply of ferritin, apoferritin, and homologous antisera. 
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water redistilled from a quartz still than when spread on distilled water 
from a commercial still, tin-lined. 

Most of the data are presented graphically. The pomts of all the 
curves represent average values obtained from five to fifteen similar experi- 
ments, all falling within 10 per cent. When the scattering was larger, 
single experiments have been indicated on the graph. Finally, all the 
data reported have been obtained with a single antiserum for each antigen. 
This was done to eliminate individual variation from serum to serum. It 
should be said that numerous experiments were made with sera from 
different rabbits which gave comparable results. 
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Fic. 2. Constant volume delivery pipette. Hole A is closed when filling the 
pipette; B is closed when emptying the pipette with the aid of rubber bulb R. 


Egg Albumin-Anti-Egg Albumin Rabbit Serum—Many experiments with 
this system were published in a preceding article (1) which showed that 
an unfolded film of egg albumin was still capable of reacting specifically 
with an immune serum. Data obtained in dealing with the screening 
action of barium stearate have been condensed in Table I. Experiments 
were carried out with one double layer of egg albumin, although the num- 
ber of layers of this spread antigen had no influence on the amount of 
antibody specifically adsorbed during subsequent treatment with an im- 
mune serum. The mode of deposition of the layers, | or T , as well as the 
conditioning of the slide with uranyl acetate solution did not alter the 
results. 

A study of Table I reveals that a specific fixation of antibody occurs, 
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notwithstanding an intervening screen of four lavers of barium stearate. 
It also shows that a heterologous serum deposited directly on the antigenic 
film or on a screen of one monolayer of barium stearate does not bring 
about any non-specific increment in thickness. However, there oceurred 4 
small non-specific fixation which increased with each additional laver of 
stearate until it reached the value of 15 A, which is also the increment 
observed upon treatment of a slide covered with a stearate laver without 
any underlying protein film. In this connection the following gweneraliza- 
tion can be formulated: 

A slide covered with barium stearate layers exhibits an increase of 15 to 
20 A after treatment with any dilute serum. No increase is observed if 
previous to the treatment a double layer of a protein has been transferred 
to the slide. In other words, 15 to 20 A are the maximum non-specific 


Screening Action of Barium Stearate on One Double Leyer of Eag Albumin or Bovine 
Albumin 
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thickness of film which can be adsorbed direetly on a slide covered with 
layers of barium stearate. 

A curious observation was made in studying the effect of underlying 
layers on the reactivity of egg albumin films, an observation which has its 
counterpart, as will be seen later, in the bovine albumin system. The 
thickness of specifically adsorbed anti-egg antibody was diminished by 
half (12 A instead of 26 A) if the monolayer of egg albumin was deposited 
on a slide already covered with a monolayer of bovine albumin. The same 
specific increment of 12 A was observed if the order of deposition of the 
transferred layers was altered. 

Experiments were also made in which egg albumin molecules were 
adsorbed directly onto the slide instead of being transferred from a water 
interphase. This was done simply by smearing a drop of dilute solution 
of this protein on a slide coated with an optical gage. ‘The adsorption 
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took place very rapidly, since the same results were obtained whether the 
solution was kept 5 seconds or 3 minutes on the slide. The slides were 
washed with water only, since the phosphate-saline buffer removed the 
adsorbed molecules. The thickness of the adsorbed layer of egg albumin 
was 20 A, and there was an average specific increment of 70 A, with con- 
siderable scattering, following treatment with an immune serum. In a 
series of twonty experiments the values found fell within the range of 55 to 
94.A. When the adsorption of the egg albumin molecules took place on a 
slide conditioned with uranyl acetate, the apparent thickness of the 
adsorbed antigen was the same but the average increment of antibodies 
was 100 A, the scattering covering the range 82 to 120 A in ten experiments. 
No increase was observed on treatment with an antibovine albumin serum. 
With an intervening screen of one double laver of barium stearate the 
increment in antibodies dropped to ~30 A. 

‘These results demonstrate that unleating the egg albumin molecules at 
the water interphase reduces considerably the subsequent interaction with 
antibodies. ‘The thickness per se of the egg albumin layers is not an influ- 
ential factor, smee many piled up lavers of egg albumin did not exhibit the 
reactivity of the adsorbed molecules. 

Bovine Albumin Films-Antibovine Albumin Rabint Serum—The bulk of 
our data deals with this system because of an interesting property charac- 
teristic of this system which permitted the extension of the scope of the 
investigation. It was found that the thickness of the specifically adsorbed 
antibody layers increased linearly with the number of underlying films of 
bovine albumin up to four double layers. This is in direct contrast to the 
results found in the case of egg albumin and other systems such as 
metakentrin-antimetakentrin (8). As in the egg albumin system, the 
mode of deposition of one monolayer, | or |, had no influence on its 
reactivitv. The uranyl acetate conditioning of a slide already coated 
with multilayers of bovine albumin decreased markedly the amount of 
antibody which could subsequently be adsorbed. As already mentioned, 
conditioning inereased the optical thickness by 8tol0 A. When a few mono- 
layers of antigenic film are transferred to aslide,the uranyl acetate treatment 
can be applied at different stages of the deposition of the monolayers. The 
influence of the various possibilities on the immunological reaction has 
been summarized in the curves of Fig. 3. In these experiments, all slides 


were covered with an optical gage of two and four monolayers of barium 
stearate and then conditioned with uranyl acetate. Following this they 


were coated either with V monolayers of bovine albumin (Curve A), or 
with V monolayers of bovine albumin with one conditioning treatment 
between successive monolayers (Curve B), or with V monolayers of bovine 
albumin and one conditioning applied on top of the monolayer last de- 
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posited (Curve C), or with N monolayers of bovine albumin with one 
conditioning treatment between successive monolayers and one last 
conditioning on top of the layer last deposited (Curve D). The most 
striking effect is the decrease from 230 to 125 A in the antibody adsorbed, 
brought about by one conditioning of a slide coated with eight successive 
monolayers (Curves A and C), whereas the reactivity of one double layer 
is not markedly impaired by conditioning. 
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Fic. 3. Effect on the amount of specifically adsorbed antibody after the deposited 
antigenic layers have been conditioned with uranyl acetate. Bov stands for one 
bovine albumin monolayer and U for one conditioning treatment. 


The screening action of layers of barium stearate on one, two, and three 


double layers of bovine albumin is represented by Curves A, B, and C, 
respectively, in Fig. 4° which demonstrate that there is no appreciable 
specific adsorption when a screen of three double layers of stearate (146 A) 


? Preliminary results published in a previous note (6), obtained under slightly 
different conditions, gave somewhat smaller amounts of specifically adsorbed anti- 
body. 
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covers one double layer of bovine albumin (Curve A), whereas there is an 
increment of about 45 A when a similar screen or one of octadecylamine or 
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Fic. 4. Screening action of barium stearate, octadecylamine, and Formvar films 
on one, two, and three double layers of bovine albumin (Curves A, B, and C) deposited 
on a conditioned optical gage of two and four layers of barium stearate. Thicknesses 
of the layers of adsorbed antibody are true specific increments. Non-specific in- 
creases varying from 0 to 15 A, depending on the thickness of the screen, were sub- 
tracted from the experimental values. The symbols Bov |f, Bov [f |f, Bov Jf 
tf Jf stand for one, two, and three deposited double layers of bovine albumin. 


Formvar of the same thickness is deposited on three double layers of 
albumin (Curve C). 
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The amount of scattering among the data does not allow precise cutyes 
to be drawn, but as a first approximation it can be said that the amount of 
adsorbed antibody decreases linearly with the inercase in thickness of the 
screen. It is evident from Curve C of Fig. 4 that the efficiency of the three 
kinds of screens tested depended mainly on their thickness and very little 
if at all on their chemical nature. It should be remembered, however, that 


the fabric of all three screens is constituted in the main by C—C and — 


C—H bonds. We plan to investigate the screening action of metal films 
whose conductive properties put them in an entirely different category, 
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Screening Effect of Monolayers of Egg Albumin on Layers of Bovine Albumin 
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III 
Influence of Underlying Layers of Egg Albumin on Reactivity of Bovine Albumin Layers 


Increase in Angstrém units, after adsorption of antibovine albumin serum for 5 min. 
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O and B stand for egg and bovine albumin, respectively. Symbols | and | 
indicate the mode of deposition of one layer. The values in this table are con- 
sistently smaller than those in Table I, since the time of adsorption was 5 minutes 
instead of 10 minutes. 


The amount of adsorbed antibody with screens made of transferred egg 
albumin layers also diminishes linearly with the increase in thickness of the 
screen, as is shown in Table II. 

All the data presented so far have been obtained with antigenic layers 
deposited on slides covered with a conditioned optical gage of two and four 
layers of stearate. It was observed that if bovine albumin layers were 
transferred to conditioned slides coated with one monolayer of egg albumin 
the subsequent increment of antibody was larger than when the egg 
albumin layer was not present. The results obtained with different 
possible combinations are presented in Table III. It appears from the 
data that an underlying egg albumin layer has an influence on the reactivity 
not only of the layer directly above but also on the next one, since the 
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amount adsorbed on O!? BI} is nearly twice as large as that on 
OTBT orO BT (O = ovalbumin, B = bovine albumin). 

Influence of Temperature on Adsorption—The thickness of the layers of 
antibody adsorbed within a given time is diminished by lowering the 
temperature. In 5 minutes the amount adsorbed at 5° was about 80 per 
cent that adsorbed at room temperature (~25°), regardless of the pattern 
of the antigenic films. Comparable data were obtained with the systems 


[B stearate and The data show that the main ~ 


factor involved is the diffusion of the antibody molecules dissolved in the 
liquid phase, into the surface of the slide. 

The influence of the time of contact of the immune serum with the screen 
was investigated. It was found that no additional increase in antibody 
took place after a period of 10 minutes. For instance, the same value of 
72 A (specific increase) was observed after 10 minutes or after 40 minutes 
in the case of three double layers coated with a sereen of Formvar 110 A 
thick. | 

Polysaccharide from Pneumococcus Type III and Antiserum—In this case, 
the antigen could not be spread at a water interphase but was easily ad- 
sorbed on a slide. Drops of a 0.04 to 0.02 per cent solution of polysac- 
charide were smeared for 3 minutes on slides which were then washed with 
water. The adsorbed layers were all about 5 A thick or less when adsorp- 
tion took place on uranyl acetate-conditioned slides coated with an optical 
gage of stearate or octadecylamine. It was found that the nature of the 
gage, stearate or octadecylamine, on which the polysaccharide was ad- 
sorbed had a very great influence on the amount of adsorbed antibedy. 

When the polysaccharide was adsorbed on a gage of barium stearate, 
the thickness of the antibody layer subsequently immobilized was 120 to 
130 A after treatment with an immune serum for 10 minutes. This value 
was not increased by lengthening the adsorption period to 1 hour. Occa- 
sionally the observed increases for a series of slides were consistently larger 
(170 to 180 A) or smaller (95 to 110 A). These variations seem to be 
caused by an impurity affecting the barium stearate gage and, hence, the 
structure of the adsorbed polysaccharide layer, since all slides prepared 
simultaneously exhibited increases within the same range of thickness. 
In other experiments, slides coated with a conditioned gage of barium 
stearate were covered with a double layer of egg albumin prior to the 
adsorption of the nolysaccharide. The subsequent increase in adsorbed 
antibody was found consistently between 140 and 150 A. The influence of 
sereens of barium stearate, octadecylamine, and Formvar on the amount of 


_ Specifically adsorbed antibody was also investigated. Special precautions 
_ had to be taken when screens of Formvar were deposited on polysac- 


tharide adsorbed on a barium stearate gage. These gages consisted 
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a b 
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Fic. 5, a. Screening action of barium stearate, octadecylamine, and Formvar 
films on polysaccharide type III, adsorbed on a conditioned optical gage of three and 
five monolayers of barium stearate. Thicknesses of the layers of adsorbed antibody 
are true specific increments. Non-specific increases varying from 9 to 17 A, de- 
pending on the nature and thickness of the screen, were subtracted from the experi- 
mental values. They were obtained upon adsorption of the antiserum on the sereens 
without underlying polysaccharide. 

Fic. 5, b. Screening action of barium stearate and octadecylamine on polysac- 
charide type III, adsorbed on an optical gage of octadecylamine. Thicknesses of 
the layers of adsorbed antibody are true specific increments obtained after 10 minutes. 
Non-specific increments of 15 A were subtracted from the experimental values. The 
optical gage, consisting of three and five monolayers of octadecylamine, was con- 
ditioned twice with uranyl acetate, once after the deposition of the first monolayer 
and then after completion of the deposition of the gage. 


mainly of barium stearate but also contained some free stearic acid which 
was dissolved by ethylene dichloride during the formation of the Formvar 
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barrier, thus causing an error in the determination of the screen thickness 


_important in the range of thin screens only. To eliminate this error, the 


slides to be coated with Formvar screens were treated with ethylene 
dichloride prior to the adsorption of the polysaccharide type III. As is 
shown in Fig. 5, a, the amount of antibody immobilized when no screen 
was present was somewhat smaller when the gage had been treated with 
ethylene dichloride (Curve A) than when it had not been so treated 
(Curve B). The curves of Fig. 5, a also demonstrate that the screening 
action of the three types of barriers was essentially the same, except in the 
region of the thicker screens, when a specific adsorption was still observed 
with a screen of barium stearate or octadecylamine 146 A thick, while 
no such reaction took place with a Formvar screen of the same thickness. 

When the polysaccharide was adsorbed on a gage of octadecylamine, the 
thickness of the layers of antibody was 280 A after 10 minutes, 600 A after 
1 hour, and 700 to 800 A after 2 hours, a most amazing increase when it is 
considered that it is brought about by a layer of polysaccharide only 5 A 
thick. The optical gage of octadecylamine consisted of three and five 
monolayers, since im this case it was apparent that the amount of specifi- 
cally adsorbed antibody was greater on the lower than on the upper part 
of the slide when a gage of only one and three monolayers of octadecylamine 
was used. When an optical gage of stearate was coated with one double 
layer of octadecylamine before the polysaccharide was adsorbed, a simi- 
larly large amount of antibody was immobilized, the reaction being even 
faster (500 A in 10 minutes). The curve in Fig. 5, b demonstrates that the 
screening action of barium stearate or octadecylamine on a layer of poly- 
saccharide adsorbed on an octadecylamine gage is roughly the same, no 
specific adsorption of antibody being demonstrable for screens thicker 
than 150 to 160 A. The amount of antibody immobilized decreases 
linearly with the increase in thickness of the screen. The influence of a 
Formvar screen, however, seems in this case to follow a slightly different 
course, as is shown in Fig. 6, but the minimum thickness of the screen 
necessary to prevent a specific fixation of antibody has the same value of 
120 to 130 A as that found when the polysaccharide was adsorbed on a 
barium stearate gage. 

As already observed for the bovine albumin system, when there was a 
screen the maximum value of the thickness of the antibody layers adsorbed 
was obtained in about 10 minutes. For instance, when the polysaccharide 
was anchored on an octadecylamine gage and coated with a barrier of one 
monolayer of octadecylamine, the specific adsorbed layer of antibody 
observed after 10 or 60 minutes was 240 A thick. 

Ferritin, Apoferritin-Antiferritin Serum—A few experiments were 
carried out with this system and the results are of sufficient interest to be 
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recorded. Both ferritin and apoferritin were crystalline samples of high 
degree of purity. These proteins spread with considerable difficulty on 
water and the thickness per monolayer was 25 A; in other words, the 
molecules were not completely unleafed. When treated with a dilute 
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Thickness of formvar screen inA 
Fia. 6. Sereening action of Formvar films deposited on polysaccharide type III, ad- 
sorbed on an optical gage of octadeeylamine. Thicknesses of the lavers of adsorbed 
antibody are true specific increments obtained after 10 minutes. Non-specific in- 
creases of 13 A were subtracted from the experimental values. The optical gage of 
three and five monolayers was the same as that described for Fig. 5, b. 


antiferritin serum, films from both proteins were capable of adsorbing 
specifically a layer 25 A thick. 

Ferritin and apoferritin molecules could also be adsorbed on slides 
covered with a stearate gage, and the same increase of 25 A was observed 
after treatment with the antiserum. This increase was independent of the 
thickness of the adsorbed antigenic layer (from 30 to 70 A). 
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If, however, apoferritin was spread on a 1 per cent NaCl solution, the 
thickness of a double layer was 18 A, corresponding to a completely un- 
folded polypeptide chain of 9 A per layer. The films were found totally 
inactive. Activity could not be restored by increasing the thickness up to 
five such double layers by successive dipping. It is apparent that com- 
plete unfolding of the large protein molecule of apoferritin (mol. wt. 
465,000) (9) destroys its immunological reactivity. 


DISCUSSION 


The main body of the data presented in the preceding section concerns 
the effect on immunological reactions of barriers interposed between films 
of antigens and homologous antibodies. Before these results are discussed, 
some remarks on the direct reaction occurring without intervening screens 
would appear advisable. 

From an immunological point of view, films of apoferritin, egg albumin, 
and bovine albumin can be said to be characteristic of three different 
classes of protein films. Apoferritin molecules on complete spreading 
lose their reactivity. The necessary pattern for the immunological 
reaction therefore requires more than a two-dimensional fabric. It is to 
be expected that large molecules, which suffer more steric disturbances on 
unfolding, will be found in this category. 

Egg albumin probably belongs to the most common type; unfolding 
does not destroy the immunological reactivity but reduces it. It was 
found that the same specific increment occurred after treatment with an 
immune serum whether the slide had been coated with one or many mono- 
layers. In other words, a reactivity equal to that of the adsorbed mole- 
cules cannot be regained by building up successive monolayers. 

In contrast, bovine albumin monolayers not only retain their reactivity 
but possess the remarkable property of additive reactivity. The amount 
of specifically immobilized antibody is directly proportional to the number 
of underlying layers, up to a certain number. 

Great difficulty is therefore encountered in trying to explain such 
phenomena on the basis of the current chemical theories which axiomati- 
cally assume that the reaction occurs between definite groups of the antigen 
and definite groups of the antibody. If this were the case, how could 
“definite” groups of the antibody molecule react with definite groups of an 
antigen film buried under seven layers of the same antigen, 56 A deep 
(see Fig. 3)? Would steric hindrance not be an insurmountable barrier? 
It could, of course, be argued that during the course of the reaction the 
layers of the protein are sufficiently disrupted to permit close contact 
between these hypothetical groups. If the antibody molecules were 
really coming into contact with specific groups of the successive antigenic 
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layers of bovine albumin, then when the slide was covered with successive 
egg albumin monolayers the same phenomenon might be expected to occur 
upon treatment with homologous antiserum. On the contrary, in the 
latter case the amount of specifically adsorbed antibody is independent of 
the number of underlying egg albumin monolayers. 

A further point worth considering in this connection is the absolute 
amount of antibody immobilized by the antigenic layers. It has been 
shown that a layer of antibody 230 A thick can be adsorbed on four double 
layers of bovine albumin. This thickness is greater than that to be 
expected from close packing of a single layer of molecules of rabbit anti- 
body, unless they are adsorbed on end. Furthermore, the fact that a layer 
of antibody 700 A thick was adsorbed on a layer 5 A thick of polysaccharide 
of pneumococcus type III demonstrates that a number of molecules of anti- 
body are piled up on top of each other and that they must be immobilized 
there by highly specific forces without coming into contact with the anti- 
genic film. ‘To make sure that there were no large aggregates of antibody 
present in the antisera used, two of them were analyzed in the ultracentri- 
fuge. They were found perfectly normal, exhibiting the usual albumin 
and globulin sedimenting boundaries. The calculated constants of sedi- 
mentation were sp’ = 4.0; X (albumin) and = 7.0; X (globulin) 
for one of the sera and 8)” = 4.03 X 10~” (albumin) and 8)’ = 7.39 X 10™ 
(globulin) for the other. The determinations were carried out in the 
phosphate buffer used for the adsorption experiments. 

Screening Action—Numerous data presented in the experimental part 
indicate that three different types of barriers do not prevent immunological 
reactions from proceeding between underlying films of antigens and 
antibodies deposited on top of the screen. The following questions are thus 
raised: Do-the antibody molecules, which are specifically immobilized 
with a bonding energy strong enough to prevent their washing away with 
saline solution and water, really rest on top of the screen, or do they in some 
fashion work their way through the screen? Do the screens have holes, 
or is the mesh of their fabric wide enough to permit the diffusion of antibody 
molecules? The available information in regard to surface films would 
appear to preclude this interpretation. 

Films of barium stearate have been studied by electron diffraction by 
Germer (10) and were shown to consist of closely packed molecules with the 
hydrocarbon chain perpendicular to the base, in harmony with the optical 
thickness found for such films. He states that, ‘“The arrangement can be 
thought of as resembling that of persons of uniform size in a crowded 
subway car.’’ Even if thermal motion is taken into consideration, it does 
not seem possible that “thermal holes” would be large enough to permit 


the passage of a molecule as large as that of a rabbit antibody (molecular 
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weight 160,000). In extreme cases the molecule would have to force its 
way through 18 X 8 = 144 carbon atoms in order to reach the antigenic 
layer. If, in the case of Formvar films, the holes (thermal or permanent) 
were responsible for the reaction, it would mean that the size of the holes 
and their density would be the same as in stearate or octadecylamine 
screens, a very improbable coincidence. However, let us assume for the 
sake of the argument that the “‘hole’’ theory is the explanation. Then the 
barrier should slow down considerably this assumed diffusion process. 
As a matter of fact, the rate of the reaction is unaffected by the different 
types of screens. For example, the amount of antibody adsorbed on a 
screen of Formvar 110 A thick, deposited on three layers of bovine albumin, 
was 90 A thick, regardless of whether the antiserum was in contact with the 
slide for 15 or for 40 minutes. Further, the experiments mentioned above 
on the temperature effect on the reaction lead to a similar conclusion. The 
decrease in the reaction rate is the same whether there is a screen or not. 

Still another series of experiments is difficult to explain by the “hole” 
interpretation. There has come to our attention at least one system of 
large reacting protein molecules for which barriers of stearate or Formvar 
proved very efficient; namely, that of adsorbed molecules of protamine 
reacting with insulin. This system was investigated by Clowes (7) who 
found that in the pH range of 5.5 to 7.5 a thick layer of insulin could 
be adsorbed on a thin layer of protamine. Our experiments were made 
with the protamine clupein sulfate? and showed that a layer of insulin 
220 A thick could be adsorbed on a layer of clupein. A screen of one 
double layer of barium stearate, however, cut down the reaction com- 
pletely, since the increment observed of 18 A was the same as that found 
when there was no underlying clupein layer. Experiments with films of 
Formvar showed that no specific increase took place for screens thicker 
than 50 A. (There was, however, an increase of 120 and 40 A with screens 
17 and 30 A thick, respectively.) There is no reason to believe that a given 
screen should be more permeable to larger than to smaller molecules. 
Actually the size of an insulin molecule (4f ~ 35,000) is considerably 
smaller than that of an antibody molecule. 

It is commonly assumed that the interaction between insulin and pro- 
tamine results from Coulomb forces between these 2 molecules oppositely 
charged in the physiological pH range. From this view it has been further 
suggested that the efficiency of the stearate screen could be accounted for 


*A 0.16 per cent solution of clupein sulfate in a 0.015 m veronal buffer, brought 
to pH 7.2, was smeared on a conditioned (uranyl acetate) stearate gage for 3 minutes. 
The thickness of the adsorbed layer was 8 to 10 A. The insulin solution was pH 
65 and contained 18 units per cc. in a 0.05 m veronal buffer. The insulin solution 
was smeared on the clupein layer or the barrier for 10 minutes. 
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by a neutralization of the basic groups of clupein by the carboxyl group of 
stearic acid. This explanation appears scarcely adequate, since in the 
absence of a screen it would be necessary for the inculin molecules to ex- 
change places with the sulfate ions of clupein in order to react. The screen 
itself consists of barium stearate which cannot neutralize the already 
neutralized basic groups of clupein. An exchange reaction might, however, 
conceivably take place, with elimiation of barium sulfate. Whether or 
not this occurs, the fact remains that the insulin molecules cannot replace 
the stearate, and this in itself demonstrates the efficiency of the long alkyl 
chain of the stearate in preventing the charged groups of insulin from 
approaching the polar groups of protamine. 

All the foregoing evidence would appear to be definitely against the 
“hole” interpretation of the effects observed in the presence of barriers. 


TaBLe IV 


Salt Treatment of Slides Coated with Three Double Layers of Bovine Albumin and 
Homologous Antibody with and without Intervening Screens 


Thickness ~~ Thickness of | 
screen on top thi 
double layers of bovine | Thickness of antibody | Formyst screen on top of | “ing salt treatment 

ea A A A | A 
140 0 61 

66 99 0 | 46 

0 : 160 0 | 63 

0 | 190 0 | 61 

0 | 195 | 39 | 0 

0 | 160 | 118 | 0 


It has been suggested that during the deposition of the screens the 
antigenic layer or layers work their way up to the top of the screen. This 
possibility seems hard to conciliate with the following facts. When a 
slide, after specific adsorption of antibody, is treated with a sodium chloride 
solution (5 to 10 per cent for 10 minutes), a removal of part of the adsorbed 
antibody results. In contrast, if a screen of Formvar is deposited on top of 
the antibody layer, no antibody can be removed with salt treatment, as 
appears from Table IV which summarizes our findings in this connection. 
It is obvious that antibody molecules cannot leave the slide when they are 
covered with a Formvar film or treated with ethylene dichloride. These 
facts demonstrate that both antigenic film and antibody molecules must 
stay below the barrier during its deposition. Therefore, if the antibody 
molecules cannot work their way out of the screen, it also seems highly 
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improbable that they should be able to work their way down through the 
screen, a point which adds further evidence against the “hole” theory. 

Yet another hypothesis has been advanced; namely, that during the 
deposition of a barium stearate screen the screen in some way duplicates 
the distribution of charges of the antigenic film and becomes an artificial 
antigen. This possibility seems remote, especially when one considers that 
films of Formvar behave in a fashion similar to that of barium stearate. 
Experiments in which the screen of Formvar was made on a clean glass 
slide and then transferred as one unit on the antigenic films, as described 
above, seem definitely to exclude this hypothesis, since the results were 
similar to those obtained with screens formed directly on the antigenic 
layers. The most characteristic property of immunological reactions is 
their extraordinary specificity. This in itself would seem to preclude the 
assumption that interaction between antigenic films and antibody, in the 
presence of a screen, would take place through highly ‘specific induced 
polarization transmitted through the screen. It was shown earlier in this 
paper that the influence of uranyl conditioning can be transmitted through 
many monolayers of protein, presumably by induced polarization, to pre- 
vent the top layers from escaping the surface of a slide during the process 
of deposition of multilayers. In this case, however, the forces involved are 
entirely non-specific, in contrast to the forces involved in immunological 
reactions. It would now seem that the only tenable explanation of these 
immunological phenomena is based on the assumption that long range 
forces exist between the antigenic films and the antibody molecules, since 
direct contact between the molecules is unlikely. However, no known 
chemical force can explain interactions at distances of the order of a few 
hundred Angstroms. Therefore our knowledge concerning intermolecular 
forces obtained through the study of relatively small molecules would be 
inadequate to describe specific interaction bet ween large molecules such as 
those involved in immunological and enzymatic reactions. 

The possibility might then be considered that antigen and antibody 
interact as two resonating oscillators. A necessary condition for the 
realization of such long range interaction is that the assumed oscillators 
are extended; otherwise the interaction would fall down rapidly with the 
distance. These extended oscillators could be visualized according to the 
ideas expressed by London (11) which are very pertinent. Extended 
wecillators are likely to occur in large molecules built on the principle of 
pattern repetition, like the polypeptide chain of proteins or the glucose- 
glucuronic acid units of polysaccharide type III. These oscillators would 
be characteristic of the molecule as a whole, or at least a considerable 
portion of it. The frequency of these oscillators might presumably be 
located in the extreme infra-red of the spectrum, possibly in the border 
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line between optical and electrical spectra. It would then follow that the 
interaction between antigen and antibody molecules could be interpreted 
by a field action, rather than by specific chemical reacting groups. From 
this point of view the idea of valency of antigen and antibody would lose its 
significance. The specific action would then be explained, though in g 


more modern language, by a theory related to the early concept of Bordet 


and his followers. 

It is too early to say whether in all immunological reactions the concept 
of a field action gives a more adequate interpretation of the facts than the 
idea of reaction between specific chemical groups. At present it can be 
said that the experiments presented in this article are most readily ex- 
plained on the assumption of a specific field of force extending over 100 to 
200 A. Immunologists have been puzzled for some time by the fact that 
“antibodies for disaccharide glycosides seem to reflect the pattern of the 
homologous hapten as a whole’’ and that ‘“‘A similar situation was en- 
countered in the study of immune sera to peptides” (12). Such observa- 
tions would be a natural sequence to the concept of a field action repre- 


senting the molecule as a whole. It might well be conceived that the 


nature of the antigen would affect the extension of the oscillators. If the 
specific resonators were localized in small chemical groups, as in the case of 
artificial conjugated antigens containing few hapten groups per molecule, 
then the concept of integrated field action would not be needed and a 
purely chemical theory perhaps would be adequate. We plan to investi- 
gate the screening action of barriers on immunological reactions of artificial 
conjugated antigens. Some of the observations reported above, besides 
those dealing directly with screening effects, would definitely be in favor of 
an integrated field action. If the immunological reaction were of a purely 
chemical nature, conditioning of one double layer, by blocking certain 
specific groups, should cut down the subsequent reaction with antibody in 
the same relative proportion as conditioning of three double layers of 
bovine albumin. It was shown, however, (see Fig. 2) that uranyl con- 
ditioning of a slide covered with one double layer of bovine albumin had 
little effect on the subsequent reaction with antiserum, whereas condition- 
ing of three double layers reduced considerably the amount of adsorbed 
antibody. On the other hand, if the large amount of antibody adsorbed 
on three double layers of bovine albumin results from a cooperative phe- 
nomenon between the multilayers of the antigen, it might be expected that 
the conditions necessary to promote an enhanced field would be the more 
easily disturbed the greater the number of monolayers in the antigenic pile. 

From a biological point of view our findings may lead in the direction 
towards a rational theory of the dynamics of the living cell. Many 
puzzling facts confronting the physiologist might conceivably find an 
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explanation if specific long range forces operate at considerable distances 
between macro molecules. Limiting ourselves to immunological reactions, 
we may say that the sphere of influence of antibody molecules in the animal 
body may extend much further than is commonly believed. Interaction 
between antigen and antibody could occur through inert layers or a thin 
cell membrane. In the next article it will be shown that analogous phe- 
nomena likewise take place in enzymatic reactions. 


SUMMARY 


Experiments are described which deal with immunological reactions 
between films of antigen transferred on metal slides and antibody contained 
in a drop of solution brought into contact with the slide. The antigens 
used were egg albumin, bovine albumin, ferritin, and the polysaccharide 
from pneumococcus type III. The influence of screens deposited on the 
antigenic films prior to the smearing of the antibody solution on the slide 
was investigated. It was found that intervening screens of barium 
stearate, octadecylamine, and Formvar did not altogether prevent a spe- 
cific immobilization of homologous antibody. The influence of such 
barriers was mainly a function of their thickness and very little if at all of 
their nature. 

The possibility was considered of holes in the barrier, thus allowing the 
antibody molecules to come in direct contact with the antigenic film by 
diffusion. This explanation seems contrary to the experimental evidence. 
The conclusion is reached that interaction between large molecules, such as 
those involved in immunological and enzymatic reactions, may take place 
through a field of specific long range forces extending over 200 A, a distance 
many times a than that calculated for the interaction of small 
molecules. 
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THE REACTION OF FORMALDEHYDE WITH PROTEINS* 


IV. PARTICIPATION OF INDOLE GROUPS. GRAMICIDIN 


Br HEINZ FRAENKEL-CONRAT, BEATRICE A. BRANDON, anp 
HAROLD 8. OLCOTT 


(From the Western Regional Research Laboratory,t Albany, California) 
(Received for publication, December 11, 1946) 


In the study of the reaction of formaldehyde with proteins (2-4) it 
was noted that some of the aldehyde was bound in a manner not reversible 
by acid hydrolysis. Wadsworth and Pangborn (5) and Holden and 
Freeman (6) had previously found that histidine and tryptophane differed 
from other amino acids in forming stable compounds with formaldehyde. 
Jacobs and Craig (7) and Neuberger (8) had prepared the formaldehyde 
derivatives of tryptophane and histidine, respectively, and found that new 
rings were formed by means of methylene bridges between the amino 
groups and reactive positions on the indole or imidazole rings. Recently 
Velluz (9) and Baudouy (10) suggested that the irreversible fixation of 
formaldehyde by proteins might involve their histidine and tryptophane 
residues. Similar ideas have been expressed by Nitschmann and Lauener 
(11) and Swain et al. (12). 

Gramicidin, the antibiotic isolated by Hotchkiss and Dubos (13) from 
tyrothricin, and shown to contain no polar groups other than indole and 
aliphatic hydroxy! groups (14), was found in this Laboratory to react with 
formaldehyde in neutral or alkaline solution to give a stable derivative of 
altered biological properties (methylol gramicidin) (15, 16). This, and 
_ other observations which will be discussed below, appeared to lend inde- 
pendent support to Baudouy’s claim concerning the irreversible fixation 
of formaldehyde by the tryptophane residues of proteins. However, as 
was pointed out by Swain et al. (12), the mechanism of the reaction could 
not be assumed to be the same as that for the free amino acid. The 
present publication is concerned with the conditions favorable for, and the 
mechanism of the combination of formaldehyde with, tryptophane residues 
in peptide linkage. The reaction with histidine residues is significantly 
different and will be discussed separately. 

The reaction of gramicidin with formaldehyde served as a model system 
and was studied in some detail, since gramicidin contains about 40 per cent 


* Presented in part before the American Society of Biological Chemists at Atlantic 
City, March, 1946 (1). 

t Bureau of Agricultural and Industrial Chemistry, Agricultural Research Ad- 
ministration, United States Department of Agriculture. 
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phane content. Simple indoles were used to substantiate the results with 
gramicidin. Finally, the conclusions were tested with proteins rich in : 
tryptophane. The data indicate that 3-alkylindole residues react readily 
in alkaline solution with 1 equivalent of formaldehyde, which adds to the 
nitrogen or, less likely, the a-carbon atom to give a methylol group as 


| 
tryptophane, 5 times that present in the protein of highest known trypto- | 
| 


| R R | 
q ——C 
| 

n/C—CH.OH 

CH,0OH 


indicated in formulas I and II. The reaction is largely reversible in strong 
alkali but acid liberates only part of the formaldehyde and causes a break- 
down of the indole ring. 


Methods | 


Formaldehyde Analysis—The amount of formaldehyde bound by a protein 
has usually been determined in the following manner (17, 18, 2,3). The 
thoroughly washed protein derivative is subjected to a combined acid 
hydrolysis and distillation, formaldehyde being subsequently determined 
in the distillate by titrimetric or gravimetric procedures. These conditions, 
however, do not cause the release of formaldehyde from the methylene 
compound resulting from its interaction with free tryptophane, and only 
partial release of formaldehyde bound by the residues of this amino acid in | 
peptide linkage. Analyses for such “stably bound” formaldehyde have | | 
been based on determinations of the difference between the amounts added | 
g to, and recoverable from, reaction mixtures (12). However, it was found 
i that even this technique could not be applied to tryptophane-containing ) 
products, since tryptophane derivatives react with formaldehyde under 
the conditions of combined acid hydrolysis and distillation (Table I) (11). 
The same difficulty was encountered when formaldehyde was determined 
by a chromotropic acid method (19); during the heating in strong sulfuric 
acid, indoles were found to bind formaldehyde.' Thus it was not possible 

1 Besides all indole derivatives, cysteine, dimercaptopropanol, tyrosine, and sev- 
eral proteins containing tyrosine and histidine bound formaldehyde under the con- 
ditions of chromotropic acid analysis (30 minutes in 14 N sulfuric acid at 100°) when 
0.012 mg. of formaldehyde was used in the presence of 0.5 to 3.0 mg. of compound. 
On the other hand, histidine, acetylhistidine, histidine anhydride, and proteins low 
in tryptophane, tyrosine, and histidine (gelatin, isinglass, protamine) bound no 
appreciable amounts of formaldehyde under these conditions. 
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by either technique quantitatively to recover formaldehyde added to 
indoles after the sulfuric acid. In proteins rich in tryptophane, there 

to be no accurate method available for the determination of 
formaldehyde bound reversibly, or to determine by difference that bound 
irreversibly. Baudouy (10) and Nitschmann and Lauener (11) have also 
emphasized this difficulty. With Baudouy’s technique for irreversibly 
bound formaldehyde actually the sum of that “irreversibly” bound plus 


that bound in so labile a manner as to be split off during the washing of 


the protein was determined. 


Taste | 


Irreversible Fixation of Formaldehyde by Indole Derivatives and Proteins under 
Conditions of Analysis* 


Sian 
moie 
| Indoleacetic acid. 0.56 
| Tryptophane | | 0.65 
Benzoyltryptophane | 0.67 
Acetyltryptophane 0.59 
2,3-Dimethylindolet 0.33 
Lysozyme 0.72 
Gramicidin}..... | 0.0 


*5.7 mg. (0.19 mm) formaldehyde were added to 10 to 20 mg. of simple indole 
derivative or 100 mg. of protein in 50 ml. of 1 N sulfuric acid and distilled until fumes 
filled the distillation flask. Under the same conditions cysteine bound 0.45 equiva- 
lent of formaldehyde. Tyrosine, histidine, acylhistidines, and proteins free from, 
or very low in tryptophane (bovine serum albumin, globin, cattle hoof keratin, 
gelatin, insulin), bound no significant amounts. 

t Distils with steam simultaneously with the formaldehyde. 

} The insolubility and resistance to hydrolysis of gramicidin probably account 
for its inability to bind formaldehyde under these conditions. 


Special methods had therefore to be used in order to determine the extent 


, of combination of formaldehyde with tryptophane in peptide linkage. 


The peculiar properties of gramicidin made it a most useful experimental 
material for this purpose. Its insolubility in water permitted its quantita- 
tive removal from reaction mixtures which could then be analyzed for 
tsidual formaldehyde, with or without distillation. The absence of 
amino, amide, and guanidy], the usual polar groups that bind formaldehyde 


_ ‘Reversibly (2, 3), made it possible to attribute all formaldehyde bound by 


Pamicidin after thorough washing to combination with its numerous 
tryptophane residues. The amount bound was ascertained (a)-by differ- 
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ence between the amount added and that found in the combined super. 
natant and wash solutions, and ()) by elementary analysis of the derivative, 

When simple indole derivatives and acyltryptophanes were used as model 
substances, the decrease in the formaldehyde content of reaction mixtures 
was determined directly, without distillation and without separation of 
the reaction product, by the addition of dimedon and buffer (20, 2, 3). 
Since the acylamino acid side chain binds no formaldehyde,’ the total 
amount bound by all model compounds used could be attributed to com- 
bination with the indole group. The data obtained by this technique were 
at times checked and confirmed by repeated precipitation and resolution 
of the indole derivatives with water and alcohol and ultimate analysis 
of the pooled supernatant solutions for residual formaldehyde. Character- 
ization of the modified reaction products or recovery of the unchanged 
indole derivatives supplied the final proof for the occurrence and the nature 
of the reaction. 

Tryptophane Analysis—All 3-substituted indole derivatives, upon 
reaction with formaldehyde, lose their ability to give a blue color with 
Ehrlich’s reagent and give instead a purple color of lessened intensity if 
read with the usual red filter. This color test is similarly altered in form- 
aldehyde-treated proteins and hence supplies a quantitative estimate of 
the extent of reaction of their tryptophane residues. The analyses were 
performed according to Horn and Jones (22), either on unhydrolyzed 
proteins or on enzymatic digests (pancreatin). Alkaline hydrolysis could 
not be used, since it was found that strong alkali regenerated the chromo- 
genic activity. In addition, alkaline hydrolysis was found to cause some 
destruction of the tryptophane in chymotrypsinogen (Table IV) and 
lysozyme. Acid hydrolysis also causes destruction of tryptophane, 
particularly in the presence of formaldehyde. 

Since gramicidin and methylol gramicidin are resistant to enzymatic 
digestion, these were analyzed either unhydrolyzed, in 50 per cent acetic 
acid solution, or after acid hydrolysis (16). Acid hydrolysis, even though 
performed in evacuated Thunberg tubes, led to formation of considerable 
amounts of humin in the case of methylol gramicidin (about 25 per cent 
of the nitrogen was rendered insoluble) but not with gramicidin itself, 
the tryptophane of which is resistant to acid hydrolysis with these 
precautions. 

The Folin method for the determination of combined phenols and indoles 
was sometimes used as an additional technique. The buffer and reagent, 
prepared and diluted according to Herriott (23), were added simultaneously 


? As shown in many control experiments with several acylamino acids in the course 
of this study. Carpenter (21) and Neuberger (8) have demonstrated the inability of 
benzoylalanine and benzoylhistidine to bind formaldehyde. 
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to the appropriately diluted sample and the color was developed during 1 
hour at 40°. By digestion of the protein with pancreatin (pH 8 for 3 days 
at 40°), the quantitative significance of the Folin values could be greatly 
increased, compared to those obtained on unhydrolyzed proteins. Direct 
analyses of intact proteins are known to yield values corresponding to only 
about 60 per cent of those expected; they have been found to be affected 
by the ease of denaturation of different derivatives (24, 25). In contrast, 
the chromogenic activity of pancreatic digests of all proteins studied 
except lysozyme’ corresponded closely to the sum of their known tyrosine 
and tryptophane contents. This method of hydrolysis has an additional 
advantage in that it minimizes the danger of reversal of the modifying 
reaction.‘ 

The formaldehyde derivatives of simple indoles and of chymotrypsinogen 
showed lowered chromogenic values with the Folin reagent. This observa- 
tion, however, did not facilitate the interpretation of the reaction mecha- 
nism, since the molecular requirements for a positive test are not known. 
Alkyl substitution of the indole ring did not greatly affect its chromogenic 
value with the Folin reagent. All indoles listed in Table LX gave from 50 
to 70 per cent of the color of tryptophane, on a molar basis. 

Other Analytical Techniques—Hydroxyl groups of gramicidin and 
methylol gramicidin were determined by quantitative acetylation (29, 14). 
Resorcinol and cetyl alcohol were 95 and 90 per cent acetylated under the 
conditions used. The solubility of gramicidin derivatives was estimated 
spectrophotometrically in a 25 per cent alcoholic medium (16). Nitrogen 
was determined by the modification of the Kjeldahl-Gunning-Amold 
method recently described by White and Secor (30). 

Materials—Generous supplies of gramicidin were furnished by the 
Wallerstein Laboratories. Indole compounds, unless otherwise described, 
were commercial products. 2,3-Dimethylindole was synthesized by the 
method of Snyder and Smith (31). 1,2-Dimethylindole-3-acetic acid 


* Lysozyme had to be digested with pepsin after heat denaturation in acid solution 
(26) to release its complete chromogenic value (12.4 per cent, calculated as trypto- 
phane; see foot-note 6). 

‘As an example, this technique has proved useful in establishing the number of 
phenol sulfate groups formed upon sulfation of proteins with concentrated sulfuric 
acid (27). An unhydrolyzed sample of insulin that had been sulfated for a short time 
at — 18° appeared to contain 5.7 per cent tyrosine compared to the value of 8.9 per cent 
found with unhydrolyzed insulin. In enzymatic digests absolute values of 7.7 and 
12.2 per cent were obtained, respectively. The latter value agrees with that obtained 
after acid hydrolysis. The former, when corrected for the amount of sulfate in- 
troduced, indicates that 30 per cent of the tyrosine had been sulfated. This product 
was found to have high hormonal activity (28). In contrast to the sulfate, O-acetyl- 
tyrosine was not stable under the conditions of enzyme digestion used. 
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was prepared from the methylphenylhydrazone of ethyl levulinate, as 

described by Degen (32), except that the condensation was carried out 

in glacial acetic acid and was catalyzed by boron trifluoride as described 
II 


Rate of Reaction of Gramicidin and Indole Derivatives with Formaldehyde at 
Room Temperature* 


sii Moles formaldehyde bound per mole indole residue 
Compound pHt 
dq | 4 brs. | 6hrs. | 24hrs. | 3 days | 7 days dope 
11.3 O.8t 1.0 0.9 1.0 
Skatole........ wR & 11.3 |0.8 | 0.7 | 0.9 | 0.7 | 0.8 | 0.8 | 0.9 
7§ 0.3 0.6 0.8 
Indoleacetic acid... 0.8 0.9 | 0.9 
7§ 0.3 0.5 1.0 
2,3-Dimethylindole..__. 11.3 0.5 | 0.5 | 0.4 
| 0.6 0.6 
1,3-Dimethylindole........ 11.3 | | 0.1 0.1 
1,2-Dimethylindole-3-acetic | | 
11.3 | | 0.0 0.0 


* The reaction conditions were as follows: 1 ma of the indole derivative or 200 to 
400 mg. of gramicidin were treated with 5 to 7 mm formaldehyde in a final total 
volume of 10 ml. Sodium hydroxide, phosphate buffer, pH 8.0, or acetic acid was 
added to final concentrations of 0.03 m, 0.14 mM, or 0.15 M respectively. With the 
exceptions noted in foot-note § the medium contained 4 to 6 ml. of aleohol. At the 
end of the specified time period, 1 ml. of the reaction mixture was diluted first with 
3 ml. of aleohol and then with water to 10 ml. 3 mil. of the diluted solution were 
added to a mixture of 50 ml. of dimedon solution and 75 ml. of acetate buffer (20). 
After 24 hours, the precipitate was filtered, dried, and weighed. If contamination 
of the precipitate with the indole reaction product was suspected, nitrogen analyses 
were run. The results were uniformly negative. With gramicidin, the reaction 
product was precipitated by the addition of aqueous 0.1 mM sodium chloride. After 
being centrifuged and carefully washed, the product was dissolved in alcohol and 
again precipitated and washed. The combined supernatant solutions and washings 
were analyzed for formaldehyde by the dimedon method. 

t Measured after dilution with 2 to 3 volumes of water. 

t That the reaction was practically complete in 2.5 hours was also indicated by the 
fact that this preparation contained only 20 per cent of the hemolytic activity of 
gramicidin in vitro (15, 16). 

§ In aqueous media. Indoleacetic acid was insoluble at pH 3.5 but gradually went 
into solution during the course of the reaction. 


for other indole compounds by Snyder and Smith (31). The properties 
agreed with those in the literature. Chymotrypsinogen was a commercial 
preparation that had been recrystallized eight times by E. F. Jansen. 
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Crystalline lysozyme was kindly furnished by H. L. Fevold and G. Alderton. 
Tobacco mosaic virus was obtained through the courtesy of W. M. Stanley. 


Effect of Reaction Conditions on Properties of Formaldehyde-Treated Gramicidin 


Reaction conditions* Productsf 
Hydroxyl 
per cent “. per cent per cent mg. per cent 
15.0 0.2m (COOH), 70 12.7 <5 10 
11.3 0.35 n CH,COOH 70 12.5 <4 6 
2.4 0.15 ** “ 53 14.2 24 7 0.2 
11.3 70 13.7 23 
7.5 53 14.0 <8 10 0.6 
2.5 70 13.6 32 
0.4 0.002 sn NaOH 53 14.1 <8 ll 0.6 
7.5 oa « 53 13.6 <8 22 1.8 
2.4 — = 53 13.7 <8 22 2.3 
2.4 Room 13.6 <8 23 2.6 
0.5 53 13.6 <8 
0.1 — = 53 13.9 16 
15.0 — > 53 13.5 <8 25 2.3 
Control 4 14.5 38 6 0.6 


* In most cases, 4 to 20 per cent formaldehyde solution and 1 N acid or 0.1 N alkali 
were added to 400 mg. of gramicidin dissolved in alcohol, in order to give the desired 
end-concentrations, and the mixture was diluted to 10 ml. The alcohol concentra- 
tion was 40 to 60 percent. Reaction time, 2 days at 53° or 70°, 7 days at room tem- 
perature. 

t Antibacterial activities were as follows: the products prepared at 70° and 53° in 
acetic acid <10 and 73 per cent, respectively; that prepared at neutrality, 93 per 
cent; and the products of complete reaction in alkali, 81 to 96 per cent of the activity 
of gramicidin. The hemolytic activities in vitro were 10 to 15 per cent for the latter 
preparations and 50 to 100 per cent for those prepared at 53° at neutrality and in 
acetic acid. The methods of assay were those described elsewhere (11). 

$ Analyzed without hydrolysis in 50 per cent acetic acid solution; approximate 
values. An atypical purple color was obtained in all samples designated as contain- 
ing <8 per cent. 

§ By quantitative acetylation (19). 

) In 25 per cent aqueous alcohol containing 0.125 n sodium chloride (12). 

{ Gramicidin exposed to strong alkali showed slightly lowered N (14.2 per cent) 
and unchanged tryptophane contents. Treatment with acetic acid at 70° gave a pro- 
duct containing 14.2 per cent N and 34 per cent tryptophane. 


DISCUSSION 


Extent of Reaction—The data in Table IT show that gramicidin in alkaline 
solution reacts rapidly with formaldehyde, binding almost 1 equivalent 
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for each tryptophane residue. The reaction proceeds rapidly at room 
temperature and at low formaldehyde concentrations in the presence of 
0.02 n or higher concentrations of alkali (Tables IT and III).° In neutral 
solution little formaldehyde appears to be bound. In acid solution the 
reaction proceeds only at high formaldehyde concentrations and temper- 
atures. 

In contrast to gramicidin, acyltryptophanes and simple 3-substituted 
indoles react at room temperature in acid and neutral as well as in alkaline 
solution, although at somewhat slower rates (Table II). Like the trypto- 
phane of gramicidin, these model substances bind almost 1 equivalent of 
formaldehyde. 

Tryptophane analyses of formaldehyde-treated chymotrypsinogen, a 
protein particularly rich in this amino acid® (33), demonstrated that the 
indole groups of a typical protein, like those of gramicidin, react rapidly 
and even at low formaldehyde concentration in alkaline solution, but not 
appreciably below pH 8 to 9 (Table IV). Similar results were obtained 
with tobacco mosaic virus (Table V) and lysozyme, although the insolu- 
bility of the alkaline formaldehyde reaction products of these proteins 
prevented as complete a study as was possible with chymotrypsinogen.’ 


5 Previously, elevated temperatures (53°) had been used for the gramicidin-form- 
aldehyde reaction (15). The instability of formaldehyde in warm alkaline solution 
and the possible effect of indoles on its stability in such solutions rendered quanti- 
tative work at 53° difficult to control. Main emphasis has therefore been placed in 
this publication on the more reliable results obtained at room temperature. How- 
ever, the properties of methylol gramicidin are the same, whether prepared at room 
temperature or at 53° (in alkaline solution). 

* Of all proteins studied, lysozyme alone had a higher tryptophane content, that 
is, 8.0 per cent, corrected for moisture, when analyzed (22) either unhydrolyzed or 
after enzymatic digestion. After alkaline hydrolysis or acid hydrolysis in evacuated 
Thunberg tubes, about 4.6 per cent tryptophane was found, compared to 3.8 and 3.3 
per cent for chymotrypsinogen under the same conditions. Cramicidin, after acid 
hydrolysis in Thunberg tubes, appeared to contain 38.1 per cent tryptophane. 

7 The finding of Ross and Stanley (35) that formaldehyde treatment at pH 7 re- 
duced the Folin color of unhydrolyzed tobacco mosaic virus was confirmed. How- 
ever, tryptophane analyses (22), both on the intact protein and after enzymatic 
digestion, indicated that there was no appreciable difference between this derivative 
and the original protein (2.5 to 2.7 per cent), while the formaldehyde derivate pre- 
pared at pH 11 contained less than 1 per cent unchanged tryptophane. It appears 
that the Folin color of the intact protein, which corresponds to only 53 per cent of the 
potentially reactive groups, is decreased non-specifically after formaldehyde treat- 
ment. Miller (25) found this to be the case for certain acyl derivatives of the virus 
unless they were previously denatured. Analyses with the Folin reagent after enzy- 
matic digestion confirmed the tryptophane analyses in showing that there was no 
decrease in chromogenic activity after formaldehyde treatment at pH 7, but a marked 
decrease after treatment at pH 11. Ross and Stanley’s results are thus to be in- 
terpreted as reflecting a decreased availability of the tryptophane and tyrosine 
residues to the Folin reagent after formaldehyde treatment at pH 7.0 rather than 
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Reaction of Tryptophane Residues of Chymotrypsinogen with Formaldehyde 


Reaction conditions® Analytical conditions 
Formal- | | Tryptophane yey 
dehyde Final pH Buffer 
| | ‘Unhydrolyzed | Enzyma Alkaline | Enzymatic 
| | digestt | hydrolysate | digestt 
percent | per cent per cent percent | percent 
l | Phosphate <0.7$ <3.1§ 
1 | 9.1 | None 4.3 3.8 
1 | 8.8 |  Boratel 4.9 4.2 
None 5.8 5.0 
l | 7.5 Phosphate Insoluble 4.8 
l 6.1 None 5.4 
5 <0.6§ <2.6§ 3.4 4.6 
5 7.4 | Phosphate Insoluble 4.2 
10 10.5 | None <2.0§ 3.4 4.7 
10 8.2 | on 3.9 3.3 
10 | 7.3 | Phosphate 5.0 3.9 
10 6.0 None Insoluble 3.4 
10 3.8 “ 6.1 
10 2.8 ws >. 1 
6.0 5.3 3.8 9.0 
Control | | 5.8 | 38 10.1 


* 50 mg. of chymotrypsinogen were allowed to react in a total of 3to4ml. When 
buffers were used, these were present in approximately 0.1 Mm concentration. Other- 
wise the pIl was adjusted with | N sodium hydroxide or 1 N hydrochloric acid. After 
reaction for | day at room temperature, the protein was isolated by dialysis and dried 
by lyophilization. The yields averaged 90 per cent. Rate studies indicated that, 
at pH 11 to 11.5, the reaction had already proceeded to completion in 1 hour with 
formaldehyde concentrations of 0.3 or 1.2 per cent. 

t Prepared as follows: To 5 to 10 mg. of the protein or protein derivative were 
added | ml. of H,O, 0.1 ml. of 3.4 Mm phosphate buffer (pH 7.6), and 0.5 ml. of a centri- 
fuged aqueous extract (10 ml.) of 10 mg. of commercial pancreatin. The mixture 
was held at 40° for 3 days, and then diluted to 10 ml. If solids were still present, 
they were removed by centrifugation, washed, dried, and weighed. Aliquots of the 
soluble fraction were subjected to colorimetric, and generally also Kjeldahl, analyses. 

¢ Calculated as tryptophane. Without hydrolysis, the values were 3.2 and 3.6 
per cent, after alkaline hydrolysis 8.7 and 9.6 per cent, respectively, for treated and 
control preparations. 

§ Based on readings of an atypical purple color. 

|| Under conditions patterned after a technique of toxoid formation (34), that is, 
upon treatment with 0.25 per cent formaldehyde in borate buffer, pH 8 to 9, for 2 
weeks at 40°, the apparent tryptophane content of chymotrypsinogen was reduced 
to 2.0 per cent. 

{ When formaldehyde was added to the digest (1.2 per cent of the protein), only 
4.2 per cent tryptophane was found. 
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Mode of Combination of Formaldehyde—FEarlier investigators (7) have 
shown that the stable reaction product of tryptophane with formaldehyde | 4 
is a cyclic compound (2,3,4,5-tetrahydrocarboline-4-carboxylic acid), § 
the formaldehyde creating a methylene bridge between the amino group | tl 
and the a-carbon atom of the indole nucleus. It remained to be determined 


whether formaldehyde acted on tryptophane in peptide linkage in a similar fr 
manner, yielding acyltetrahydrocarbolinecarboxylic acid derivatives, or a, 
whether the aldehyde was bound in some other manner, the most likely | & 
being an addition, as a methylol (hydroxymethyl) group, to the indole . 
TaBLe V | fo 
Reaction of Tryptophane Residues of Tobacco Mosaic Virus with Formaldehyde 
Reaction conditions® Analytical s 

Phenol + indolet Trvptophane 
per cens per cent per cent per cent per cent per cont Gr 
2 Phosphate 7.0 0.65 6.3 2.7 2.6 2.7 Gr 
1.4 None 11.0 | Insoluble, 4.6 | Insoluble) <1.0§ | 2.4 Ca 

Control 3.5 6.6 2.5 2.6 3.1 

* The experiments at neutrality were patterned according to Ross and Stanley | 5 
(35): 3 per cent protein in 0.1 wm, pH 7, phosphate buffer. To obtain the alkaline | 
medium 0.5 ml. of Nn NaOH was added to 3.5 ml. of this virus solution, then water | pel 
(1.5 ml.) to give a final protein concentration of 1.9 per cent. Reaction was per- 
mitted to proceed for 20 hours at room temperature. ths 

t Calculated as tyrosine. Du 

t Both untreated tobacco mosaic virus and that treated with formaldehyde at pH atc 
7.0 had to be heat-denatured before enzyme digestion could proceed to such an 
extent that there was maximum release of Folin chromogenic activity. This was not (14 
necessary for chymotrypsinogen, serum albumin, and insulin. With regard to me 
lysozyme, see foot-note 3. 

§ Based on an atypical purple color. thi 
nucleus. The properties of the formaldehyde derivatives of gramicidin 
clearly indicate the formation of methylol groups. Thus, elementary ere 
analyses agree with the methylol but not with the methyiene formulation | he 
(Table VI). Further, quantitative acetylation (29) indicates the appear- re 
ance of about one new hydroxy! group for each equivalent of formaldehyde of | 
combining with each tryptophane residue (Table III). The number of : 
hydroxyl groups introduced can consequently be used as an additional Th 
indicating actual combination of these residues with formaldehyde. The observation alk: 
of Ross and Stanley that simple indoles react with formaldehyde at pH 7 is confirmed orig 


in the present study. 
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means of ascertaining the rate of, and the conditions favoring, the gramici- 
din-formaldehyde reaction (Table III). The introduction of methylol 
groups into gramicidin is in line with the increased water solubility of 
the formaldehyde derivative (Table III) (16). 

Further confirmatory evidence for the methylol configuration is derived 
from the comparative lability of the linkage. Treatment of methylol 
gramicidin with hot aqueous sulfuric acid, either under the conditions of 
hydrolysis and distillation used to determine reversibly bound formalde- 
hyde or of the chromotropic acid method (19), liberated one-fifth to one- 
third of the formaldehyde bound by gramicidin. That the liberated 
formaldehyde was not merely adsorbed was indicated by the constancy of 


TABLE VI 
Composition of Gramicidin and Methylol Gramicidin* 
H 
H 
10* gm.ft 
per cent | percent | per cent 
Gramicidin- formaldehyde product. . a 7.40 13.6 25 
Calculated for methylol 13.7 24 
7.62 14.1 6 


* Averages of repeated analyses on many preparations, on a dry basis. 

t By quantitative acetylation (29). Model substances gave values of 90 to 95 
per cent of the theoretical. 

t From the known amino acid composition of gramicidin, Synge (36) calculates 
that 144 C atoms should be present for 30 N atoms. The data of Hotchkiss and 
Dubos (13), Tishler (37), and the analyses recorded here indicate 148, 153, and 152 C 
atoms for each 30 N atoms, respectively. 

§ Based upon the assumption that gramicidin contains 40 per cent tryptophane 
(14, 16, 36) (19.6 residues per 10‘ gm.) and that each typtophane residue adds one 
methylol (or methylene) group. 


this value for many different preparations, including both extensively 
heated and repeatedly recrystallized samples (1). Reactive phenolic 
methylol compounds, such as 2,6-dimethylol p-cresol, are known to release 
some formaldehyde under similar conditions (38). Model experiments 
showed that under the distillation conditions used with gramicidin methylol 
skatole and methylol 2 ,3-dimethylindole released 0.20 and 0.53 equivalents 
of formaldehyde, respectively. 

More striking is the effect of sodium hydroxide on methylol gramicidin. 
This agent seems to split off the methylol group quantitatively. Thus, 
alkali-treated methylol gramicidin shows the full chromogenic value of the 
original gramicidin. Its hydroxyl groups are reduced to the number 
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occurring in the original gramicidin, and it corresponds in elementary 
analyses closely to a control sample of gramicidin treated with alkali and 
isolated in the same manner (Table VII). Skatole and 2,3-dimethyl- 
indole could be regenerated from their respective methylol derivatives 
under the same conditions. The chromogenic activity of other simple 
indoles, abolished by reaction with formaldehyde, is also largely restored 


Tasie VII 
Effect of Alkali on Methylol Gramicidin 
Conditions of treatments* Analytical results 
Tryptophane content | 
Unhydro- Acid- | 10* gm.§ 
lyzedt hydrolyzed} 
per cent per cent cent | 
Methylol gramicidin None <104 (<7.8)¢°* 13.6 25 
5 78 37-47 34.5 
5 40tt | 35-45 | 36.2 | 14. 6 
5 23 27 
l 23 <14¢ 
0.1 23 <8¢ 
Gramicidin None 35-45 38.1 14.5 6 
5 40 34.1 14.23% | 


* In aqueous suspension. Reaction period, 1 day. When high temperatures were 
used, insoluble products were obtained. 

t Approximate values. The curve for unhydrolyzed gramicidin does not coincide 
with the standard curve for tryptophane. 

t By a mixture of glacial acetic acid and 6 N hydrochloric acid (0.8:3) 18 hours 
at 100°. 

§ Calculated on the basis of the original gramicidin. 

© Based on the atypical purple color. 

** Insoluble humin (containing 25 per cent of the total nitrogen) separated during 
hydrolysis. 

tt This preparation contained 55 per cent of the hemolytic activity of gramicidin, 
compared to the value of 10 to 20 per cent found with numerous preparations of 
methylol gramicidin. 

tt These alkali-treated preparations of gramicidin and methylol gramicidin also 
had identical carbon (61.4, 61.4 per cent) and hydrogen (7.3, 7.3 per cent) contents. 


by the action of sodium hydroxide (Table VIII). It is not surprising that 
1 ,3-dimethylindole forms an exception, since this compound was found to 
yield a 2-methylene rather than a methylol derivative. 

The tryptophane in formaldehyde-treated proteins was found to resemble 
that of methylol gramicidin in regaining much of its chromogenic value 
upon treatment with sodium hydroxide (Tables IV and V). This may be 
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taken as evidence that protein indole groups, like those of gramicidin, add 
the formaldehyde as methylol groups, an assumption which could not as 
readily be proved by analytical means for proteins as it could be for 
gramicidin .® 

Location of Methylol Groups—The location of the methylol groups on the 
indole nucleus remains to be discussed. As previously mentioned, 3- 
substituted indoles lose, upon reaction with formaldehyde, their chromo- 
genic activity with the p-dimethylaminobenzaldehyde reagent. The same 
is the case with 1,3-dimethylindole (Table VIII). These observations 
appeared to provide evidence favoring addition of the formaldehyde to 


TaBLe VIII 


Chromogenic Values of Indoles and Formaldehyde Derivatives by Horn-Jones (22) 
Method for Tryptophane* 


Molar 
Compound Comments 
value 
per cent 
formaldehyde-treated (pH 
Indoleacetic acid. SS Blue, fades 
formaldehyde- treated 2). 17 Purple 
1,3-Dimethylindole. . 57 
Methy lene bis(1,3 dimethylindole)t aca 0 Faint red 


*2,3-Dimethylindole and carbazole (2,3-phenyleneindole) gave no color at the 
usual time of reading and a slow development of a bluish color later. 

t Treatment with 5 ~ sodium hydroxide at 53° for 18 hours regenerated chromo- 
genic activity from methylol skatole but not from methylene bis(1 ,3-dimethylindole) 
(ef. Table VII). 


the 2-carbon atom, since all indoles with free 2 positions, and only these, 
give this typical intense blue color.® 

Further evidence for the location of the methylol groups was sought on a 
more strictly chemical basis than was afforded by colorimetry. The fact 


* At clevated temperatures (70°), formaldehyde caused marked losses in the trypto- 
phane chromogenic activities of proteins even at neutrality, apparently more readily 
than is the case for gramicidin under such conditions. Th’s has been tentatively 
attributed to the formation of methylene bridges between aminomethylol groups 
and indole rings. This reaction will be discussed in a subsequent publication in 
conjunction with similar reactions involving other cyclic amino acid residues. 

* However, a slow development of a purple-blue color was observed with carbazole 
and 2,3-dimethylindole. 
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that skatole and indoleacetic acid and its homologues bind up to 
1 equivalent of formaldehyde agrees with the combination of the aldehyde 
with either the nitrogen or the a-carbon atom, without favoring either 
position (Tables II and IX). It serves to exclude the side chain of trypto- 
phane from playing a réle in the reaction. The properties of our methylol 
skatole, however, differ significantly from those ascribed by Plant and 
Tomlinson (39) to 2-methylol skatole. Particularly, the lability of the 
skatole-formaldehyde reaction product in alkali differentiates it from the 
known hydroxymethylindoles and favors its formulation as an N-methylol 
compound. 


TasBie IX 
Reaction of Simple Indole Derivatives with Formaldehyde* 
Compound Final pH | ‘adc 

mole 

Benzoyltryptophane 6.5 0.9 
Indole-3-propionic acid 6.8 0.9 
Indole-3-acetic acid 6.8 1.0 
Skatole 11.1 1.0 
3.5 

2,3-Dimethylindole 11.1 0.5 
3.5 0.7 

1,3-Dimethylindole 11.1 0.1 
3.5 0.4t 

1,2-Dimethylindole-3-acetic acid 11.1 0.1 


*1 mm of compound was allowed to react with 4 to 8 mu of formaldehyde in 10 
ml. total volume for 2 days at 53°. The alkaline reaction mixtures contained 
0.03 n sodium hydroxide; acid mixtures, 0.1 N acetic acid. 

+t The reaction product crystallized and was identified as methylene bis(1,3- 
dimethylindole). Thus, the reaction had proceeded to about SO per cent completion. 


A comparison of the reactivity of 1 ,3- and 2,3-dimethylindoles towards 
formaldehyde should demonstrate unequivocally the mode of attachment 
of the methylol group. The results obtained with these model indoles 
were, however, not quite conclusive (Tables II and IX). Both at room 
temperature and at 53°, 2,3-dimethylindole bound about 0.5 equivalent 
of formaldehyde in alkaline and acid media. The reaction product was 
separated from unchanged 2,3-dimethylindole and found to correspond to 
methylol dimethylindole in its composition. In contrast, 1 ,3-dimethyl- 
indole did not react appreciably in alkaline solution; in acid solution a 
crystalline product which separated proved to be methylene bis(1,3- 
dimethylindole).!° (1 ,2-Dimethylindole-3-acetic acid bound no appreci- 


1%” A small amount of a crystalline product (less than 10 per cent) could also be 
isolated from alkaline reaction mixtures. Its nitrogen content (9.2 per cent) cor- 
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able amounts of formaldehyde in either alkaline or acid solution.) Thus, 
it appears that, in alkaline solution, only 2,3-dimethylindole combines 
with formaldehyde, although the reaction does not proceed as readily and 
completely as it does with indoles substituted only in the 3 position. The 
properties of methylol skatole and the behavior of the dimethylindoles 
thus favor the attachment of the formaldehyde to the nitrogen, while 
the colorimetric evidence pointed towards an involvement of the 2 position 
of the indole nucleus. By analogy with the behavior of phenols and with 
other indole reactions, one may assume that the formaldehyde primarily 
reacts with the nitrogen but then may rapidly migrate to the 2 position 
if this position is unsubstituted. However, it is equally possible that the 
migration of the methylol group to position 2 occurs only during the 
colorimetric test, which is always performed in hydrochloric acid. This 
possibility is supported by the observation that both methylol gramicidin 
and methylol skatole undergo immediate reactions when treated with 
hydrochloric acid at room temperature or at 0° in glacial acetic acid solu- 
tion. Both methylol products are transformed into yellow to red-brown 
precipitates, while unmodified gramicidin and skatole are unaffected by 
similar treatment. The nitrogen content of neither methylol compound 
is altered, but their chromogenic activities can no longer be regenerated by 
treatment with alkali. Thus, while it has not been possible to crystallize 
the acid-treated methylol skatole or to identifiy it with Plant and Tomlin- 
son’s (39) 2-methylol skatole, indications are that the acid conditions of 
the test cause the change responsible for the loss in chromogenic activity 
of formaldehyde-treated indoles. Thus, the evidence favors the attach- 
ment of the methylol group to the nitrogen as indicated by formula I." 

Of two other attempted approaches to the problem, one has given no 
answer and the other favored the above conclusion. Acetic anhydride 
treatment of gramicidin in glacial acetic acid (in contrast to pyridine) has 
been found to yield a product containing considerably more acetyl groups 
than correspond to its hydroxyl content, which thus have been allocated 
to the only other polar groups, that is, the indole groups (16). Since this 
product had the full chromogenic value of gramicidin and gave off acetic 


responded to methylene bis(1,3-dimethylindole); yet it differed from this product, 
as formed in acid media, by a slightly higher melting point (158°). The mixed melting 
point between the two showed a marked depression (125-130°). 

"Other gramicidin derivatives carrying substituents on the indole nitrogen, 
notably the sulfamate and the acylated products, show the chromogenic value cor- 
responding to their original tryptophane contents (16). The different behavior 
of these and the formaldehyde derivative is understandable in view of the known 
reversibility, by acid hydrolysis, of all but the formaldehyde fixation. Thus the 
sulfate group or various acy! groups tend to be split off rather than to migrate to the 
2 position. 
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acid upon acid hydrolysis, it was regarded as a l-acetyl] derivative™ It 
was hoped that formaldehyde treatment of this material might throw light 
on the mechanism of the formaldehyde reaction. However, no conclusions 
could be drawn from the observed ability of this derivative to react with 
formaldehyde, since the acetyl groups were found to be largely split off 
during the reaction with formaldehyde in alkaline solution. 

On the other hand, acetylation (in glacial acetic acid) of methylol grami- 
cidin introduced acetyl groups corresponding in number to the hydroxyl 
groups (25 per 10* gm.), but introduced no additional amount such as 
might have been expected if acetylation of the indole nitrogen had occurred 
(16). This may be regarded as additional evidence that the methylol 
groups are located in the 1 position. 

Preparative 


Methylol Skatole—-To 786 mg. (6 mM) of skatole, dissolved in 40 ml. of 
ethanol, were added 2.25 ml. of N sodium hydroxide and 30 ml. of 3.85 per 
cent aqueous formaldehyde. After 6 days at room temperature the 
mixture was diluted with much water, extracted twice with ether, and the 
ether washed with water until no more formaldehyde could be detected 
in the washings. The ether was dried and evaporated. The residue 
(857 mg., crystals and oil) was extracted with cold petroleum ether, then 
dissolved in benzene, and petroleum ether added. Crystals separated 
from both solutions (360 and 260 mg.), melting point 52° after recrystalliza- 
tion from benzene and petroleum ether. In contrast to skatole, this 
compound gave no color with tryptophane reagents (Table VITT). 


C,oH Caleulated. C 74.5, H 6.9, N 8.7 


When 55 mg. of methylol skatole were suspended in 1 ml. of 5 N sodium 
hydroxide and heated to 53° for 2 hours, the crystals turned into an oil, 
then crystallized. The product was identified as skatole by melting point 
and mixed melting point. 

Methylene Bis(1 ,3-dimethylindole)—A solution of 1 ml. of 1 ,3-dimethyl- 
indole in 7.5 ml. of aleohol was mixed with 2 ml. of 38.5 per cent aqueous 
formaldehyde, and 0.5 ml. of 3 m acetic acid and held at room temperature 
for 7 days. The deep red solution deposited crystals which were isolated 
after cooling, and washed with cold alcohol. Yield, 540 mg. Recrys- 
tallization from alcohol yielded colorless crystals, m. p. 138-148°. 


Calculated. C 83.5, 17.3, N 9.3, mol. wt. 302 


The same compound but in somewhat smaller yield (303 mg.) was obtained 
after a similar mixture had been heated at 78° for 2 hours. 
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Methylol 2,3-Dimethylindole—725 mg. (5 mm) of 2,3-dimethylindole 
were treated with formaldehyde as was skatole. After 4 days at room 
temperature, a 1 ml. sample was diluted for formaldehyde analysis (which 
indicated that 0.49 equivalent had been bound by the indole). The rest 
of the solution was worked up as above. From the residue (743 mg.), 
unchanged starting material was extracted with boiling petroleum ether 
(b. p. 30-60°). The residue from this operation (340 mg.), after recrystal- 
lization from benzene-petroleum ether, melted at 98—100°. 

(HON. Caleulated. C 75.5, HW 7.4, N 8.0 
Found. 


Treatment of 38 mg. of methylol 2,3-dimethylindole with 5 N sodium 
hydroxide at 53° for 20 hours, yielded 29 mg. of 2,3-dimethylindole, char- 
acterized by melting point, mixed melting point, and nitrogen analysis 
(9.7 per cent). 


Comments 


The present investigation has demonstrated that formaldehyde reacts 
with gramicidin only on the tryptophane residues. The fact that the 
toxicity is thereby decreased, whereas the antibacterial activity is retained 
(15, 16), suggests that tryptophane residues in other biologically active 
compounds may also play an important réle in mediating their activities. 
For example, the mode of detoxication of toxins with formaldehyde to 
form toxoids has often been the subject of speculation. The work of 
Farrell (34), as confirmed by Dubos and Geiger (40), with Shiga toxin 
suggests that the reaction of formaldehyde may be that of combining with 
part of the indole residues. This worker found that incubation of the 
crude toxin with 0.5 per cent formaldehyde failed to detoxify the material 
even after 18 months at 37°. By adjustment of pH, he observed a reduc- 
tion of toxicity to one-seventh at pH 6.7 and to one-fiftieth at pH 8.2, 
without loss of the antigenic activity. The maximum loss of toxicity 
and retention of antigenicity were observed at pH 8.5 after 2 weeks at 37°. 
Under similar conditions, the tryptophane residues of chymotrypsinogen 
reacted to about 67 per cent (Table IV,| foot-note). Although various 
other polar groups react with formaldehyde under such conditions, none 
of these reactions is known to be as dependent upon an alkaline pH as is 
that of the tryptophane residues. Thus, a reaction mechanism analogous 
to that of gramicidin may be the basis of the formation of some formalin 
toxoids, as was suggested by Velluz (9). 

Any generalizations, however, would appear to be premature in view of 
the effectiveness of ketene (41) and of acetic anhydride in pyridine (42) for 
the preparation of some toxoids and vaccines. These acetylating agents 
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and conditions may not affect the indole groups of gramicidin,” nor have 
they been shown to act on these groups in any typical protein. 

Thus, there are indications that the desirable effects (reduction of 
toxicity without loss of antigenicity) may be produced by modifying the 
indole groups in some and the amino, or possibly both types of groups, in 
other toxic proteins. However, the tobacco mosaic virus protein, probably 
the most exhaustively studied in this regard, represents further problems, 
inasmuch as it is not inactivated by acylation of its amino groups (43), but 
is inactivated by formaldehyde (35, 44) under conditions in which few if 
any of its indole groups appear to react. 

It is of interest that “hydroxyalkylation” has been shown to reduce the 
toxicity of several pharmacologically active synthetic compounds (45). 


SUMMARY 


Gramicidin binds rapidly in alkaline solution an amount of formaldehyde 
equivalent to its tryptophane content. In acid solution the reaction 
proceeds only at high temperature and formaldehyde concentrations. 

The formaldehyde adds as methylol groups probably to the nitrogen of 
the indole rings. Formaldehyde is released only partially during acid 
hydrolysis, but completely and without damage to the gramicidin molecule 
in strong alkali. 

The chromogenic activity of the tryptophane residues is largely abolished 
through combination with formaldehyde and regenerated by strong alkali. 

The tryptophane residues of proteins appear to react with formaldehyde 
under the same conditions and in a manner similar to those of gramicidin 
At room temperature there is little reaction at pH 7 to 8, even at high 
formaldehyde concentration, but at pH 11 the reaction is completed rapidly, 
even at low formaldehyde concentration. 

All 3-substituted indole derivatives, including proteins rich im trypto- 
phane, bind formaldehyde in boiling n to 20 n sulfuric acid. 

Simple 3-substituted indoles bind up to 1 mole of formaldehyde at room 
temperature, both in alkaline and in acid solution. 2,3-Dimethylindole 
reacts incompletely, even at elevated temperature. 1 ,3-Dimethylindole 
reacts appreciably only in acid yielding methylene bis(1 ,3-dimethylindole). 
Pure methylol derivatives were obtained from skatole and 2,3-di- 

12 Experiments to introduce acetyl groups on the indole residues of gramicidin 
with ketene were ambiguous. A vigorous stream of ketene was passed into a suspen- 
sion of gramicidin in a 1 m solution of sodium acetate for 30 minutes (at 0°). The 
solution was kept slightly alkaline by the simultaneous addition of 1 m sodium 
hydroxide. The isolated gramicidin was found to have an acetyl content correspond- 
ing only to its hydroxyl groups (six per 10‘ gm.) but not to its indole content 
(19.6 per 10 gm.). Somewhat more acetyl was introduced when gramicidin was 
extensively ketenized in alcoholic solution. 
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methylindole. 1 ,2-Dimethylindole-3-acetic acid does not react with form- 
aldehyde. 


The authors are indebted to L. M. White and G. Secor for numerous 


elementary analyses, to J. C. Lewis for the assays for antibacterial activity, 
to K. P. Dimick for the assays for hemolytic activity, to B. G. Edwards for 
determinations of solubility, and to C. Cleaver, 8S. Ahnger, and E. D. Ducay 
for valuable technical assistance. 
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NOTES ON THE USE OF REDISTILLED WATER AND OF 
AMYLOSE IN THE ESTIMATION OF SERUM IODINE 


By EVELYN B. MAN ann DOROTHY A. SIEGFRIED 


(From the Department of Psychiatry, Yale University School of Medicine, 
New Haven) 


(Received for publication, December 11, 1946) 


In the original description of the permanganate acid ashing micro- 
method for iodine determinations (1), the technique was given for redistil- 
lation of water from a reservior containing potassium carbonate or hydrox- 
ide. No data were presented to emphasize the importance of making the 
water alkaline and of redistillation. When tap water, which frequently 
contains more than 10 ¥ of iodine per liter, is distilled in equipment of the 
type customarily employed in chemical laboratories, the product may con- 
tain more than 0.5 y of iodine per liter. This is as much as that present in 
10 ce. of serum from a euthyroid individual. A commercial “demineralizer” 
yielded water free of iodine for only ashort time. On the other hand, when 
distilled water was made alkaline and redistilled in a glass flask, the product 
was regularly found to contain no determinable iodine in a 500 cc. sample. 

In the permanganate ashing method as previously described (1), the 
color in the visual titration may vary from pink to purple. When the 
“soluble” starch was replaced by amylose (2), the color was a clear blue, 
but the titers were found to vary appreciably with the concentration of 
amylose.' For example, 0.05 cc. of 0.01 per cent amylose gave theoretical 
titers, but with 0.05 cc. of 0.025 per cent amylose, high titers were found; 
complete color did not develop originally in proportion to the micro amounts 
of iodine; photometric zero points of amylose-iodine solutions changed 
within 5 minutes or less in solutions containing salts and large amounts of 
sulfuric acid. 


BIBLIOGRAPHY 
1. Riggs, D. S., and Man, E. B., J. Biol. Chem., 184, 193 (1940). 
2. Liggett, L. M., and Diehl, H., Anachem. News, 6, 9 (1946); Chem. Abstr., 40, 2757 
(1946). | 
‘Amylose in the form of a 20 per cent paste in butyl alcohol, obtainable from the 
G. Frederick Smith Chemical Company, was employed. 


119 


i ‘ 
is 
* 
| 
% 
| 
| 
yy 
‘ 
q 
| 


| 


| 


DINICOTINYLORNITHINE: A METABOLITE OF 
NICOTINAMIDE IN THE CHICKEN 


By W. J. DANN anv JESSE W. HUFF* 


(From the Department of Physiology, Pharmacology, and Nutrition, and the 
Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, December 18, 1946) 


In the course of experiments on the effect of high levels of nicotinamide 
in the diet of the chick (1) an attempt was made to identify the form or 
forms in which the nicotinamide was excreted. Early attempts to identify 
the metabolites excreted by birds ingestin’ »‘«otinic acid had been made by 
Komori and Sendju (4), who gave daily doses o: * gm. of nicotinic acid in 
the form of the sodium salt for 10 days both to a pig.on and toahen. The 
urine was collected and from the pigeon 3.5 gm. and from the hen 3.7 gm. 
of nicotinic acid were recovered; the authors wrote “Aus der von Nikotin- 
siure abfiltrierten Lésung konnten wir eine zweite Substanz nicht 
auffinden.”” The experiments described below show, however, that a 
characteristic derivative of nicotinic acid is excreted by the chicken.! 

Estimations of the nicotinic acid content of the droppings of chicks fed 
a mash containing 2 per cent added nicotinamide were made by us before 
and after hydrolysis with 2 N alkali. It was found that the apparent 
nicotinic acid content after hydrolysis was 20 to 40 per cent higher than 
before, indicating the presence of a metabolite containing nicotinic acid 
and developing in the Kénig reaction less color than the nicotinic acid 
which it contained. Application of the method of Sarett (6) failed to show 
the presence of any methylated derivatives of nicotinic acid such as trigonel- 
line or N-methyInicotinamide in the excreta. 

When fresh droppings were boiled for an hour in 5 times their weight 
of water and centrifuged, the unchanged nicotinic acid plus metabolites 
could be concentrated by adsorption on Lloyd’s reagent at pH 0.6, and 
subsequent elution with 0.5 Nn KOH. Such elutes, on adjustment to pH 1 
or 2, were extracted continuously with ethyl ether, which removed un- 
changed nicotinic acid. The extracted aqueous solutions then had an 
apparent nicotinic acid content after alkaline hydrolysis 4.5 times greater 
than before, with the Kénig reaction with CNBr and metol. Of known 


*Nutrition Foundation Fellow. Present address, Medical-Research Division. 
Sharp and Dohme, Inc., Glenolden, Pennsylvania. 

Our thanks are due to the Nutrition Foundation, Inc., and to the Duke Uni- 
versity Research Council for grants in aid of this work. 

‘A preliminary account of this work has been published (2). 
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nicotinic acid derivatives nicotinuric acid shows the greatest ratio of 
apparent nicotinic acid contents after and before hydrolysis, its ratio being 
4.1. These measurements on partly purified extracts of chick droppings 
therefore indicate the presence of a previously unknown metabolite. 


Isolation of Metabolite 


Since the development of this work depended upon the use of a simple 
technique both for the identification and the quantitative estimation of the 
metabolite during the course of the isolation, a description of this technique 
is given first. 

Colorimetric Determination of Metabolite—The unknown substance can 
be measured quantitatively by the Kénig reaction for pyridine derivatives 
employing CNBr and aniline, according to the following procedure. To 
5 ml. of an aqueous solution of the metabolite there are added 5 ml. of 
ethanol (95 per cent), 1 ml. of | M phosphate buffer (pH 7.0), 4 drops of 
saturated aqueous aniline, and 0.4 ml. of 3 per cent CNBr solution. After 
standing 20 minutes the yellow color is measured in the Evelyn colorimeter 
against a reagent blank prepared in the same manner, with the 420 mg 
filter. A solution containing 15 y of nicotinic acid, treated as above, was 
used asthe reference standard. Treatment of the metabolite with CNBr 
and aniline as described, following hydrolysis for 1 hour in 2 n KOH, 
resulted in a 6-fold increase in the color produced. The ratio of 1:6 of the 
color intensity before and after alkaline hydrolysis was used as an index 
to identify the unknown substance qualitatively. This method of employ- 
ing aniline instead of metol was used in place of the method of Perlzweig, 
Levy, and Sarett (5), on account of its greater speed. 

Isolation of Metabolite from Excreta—Droppings were collected over a 
period of 6 days from 3 to 4 week-old chicks maintained on a practical 
ration containing an added 2 per cent nicotinamide. After drying in an 
oven at about 125° for 24 hours, the excreta were ground to a fine powder, 
and weighed 640 gm. ‘The dried material was extracted by boiling for 1 
hour with three 1 liter portions of absolute methanol. The alcohol was 
removed from the extract by vacuum distillation and the residue taken up 
in 200 ml. of water. 

This dark colored extract, which contained the metabolite as well as large 
amounts of unchanged nicotinic acid, nicotinamide, and other impurities, 
was adjusted to pH 3.5 with dilute H,SO, and placed in a continuous ether 
extractor for 48 hours. The ether extract at the end of this time contained 
all of the free nicotinic acid and nicotinamide present in the original 
extract, as well as a portion of the dark pigments. There was no loss of 
the metabolite by this process. 

The dark aqueous solution, now free of nicotinic acid, was warmed on 
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the steam bath to free it from ether and then cleared of pigments by 
stirring for 1 hour with 25 gm. of basic lead acetate. The filtrate after 
removal of excess lead with H.SO, was evaporated to about 100 ml. on the 
steam bath under a current of air. This solution was adjusted to pH 10 
with Ba(OH)., distilled under vacuum until free of ammonia, and the so- 
lution was finally evaporated to near dryness. The last traces of water 
were removed by vacuum desiccation. 

The dried material, which is extremely hygroscopic, was extracted by 
stirring for 30 minutes with three 100 ml. portions of absolute ethanol at 
50°. The residue from this treatment contained insignificant amounts of 
the metabolite and was discarded. The alcoholic filtrates and washings 
were evaporated to about 150 ml. and placed in the ice box overnight. 
The dirty gray precipitate which formed was removed, washed with cold 
ethanol, and discarded. The alccholic solution was evaporated almost 
to dryness, the residue taken up in 150 ml. of H,O, and the barium removed 
quantitatively with H,SO,. The BaSO, precipitate was washed free from 
adhering amounts of the metabolite by boiling with water. The filtrate 
and washings were evaporated on the steam bath under a current of air to 
a thick amber-colored oil. 

The oil was taken up in 75 ml. of 95 per cent ethanol; 70 ml. of saturated 
alcoholic HgCl, solution were added and finally the solution was saturated 
with powdered HgCl,. The mixture was allowed to stand overnight at 
room temperature. The voluminous precipitate (43 gm.) was removed by 
filtration and boiled with three 50 ml. portions of 95 per cent ethanol. 
These alcoholic washings were discarded. ‘The residue was then boiled 
with successive portions of water until the water washings no longer became 
cloudy on cooling. These washings were also discarded. There remained 
after this treatment 13 gm. of water-insoluble, amorphous HgCl, salt of 
the metabolite and of other substances. 

The amorphous material was ground to a fine powder, suspended in 75 
ml. of water, and the mercury removed with H,S. After filtering and 
washing the H,.S precipitate with hot water, the filtrate and washings were 
evaporated almost to dryness. The dark oily residue was taken up in 50 
ml. of 95 per cent ethanol and treated with a saturated alcoholic solution of 
picrolonic acid. After standing for 2 hours, the solution was concentrated 
to one-half of its volume, cooled, and filtered with suction. The very dark 
filtrate which contained no significant amount of the metabolite was 
discarded. ‘There were obtained from this treatment 4.0 gm. of a picrol- 
onate which was recrystallized from boiling water. The picrolonate 
of the metabolite at this point was contaminated with a small amount 
of the picrolonate of at least one other base, which could not be separated 
by fractional crystallization. The mixed picrolonates were dissolved in 
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75 ml. of hot dilute hydrochloric acid, cooled, and the picrolonie acid 
removed by extraction with ether. The aqueous acid solution was evapo- 
rated to a dark, viscous residue, which was very hygroscopic and could not 

be crystallized. This dark residue was dissolved in 10 ml. of water, and 
titrated potentiometrically to the first inflection point (pH 5.5 to 7.0) with 
1 ~ KOH solution. The water was removed by evaporation and the 
residue dried in a vacuum desiccator. The dried residue (still hygroscopic) 
was extracted by boiling with three 5 ml. portions of absolute ethanol; the 
extracts were cooled; the precipitate (KCI) was removed and discarded; the 
filtrate was evaporated and finally dried in a vacuum desiccator. The 
dried dark hygroscopic residue was stirred for a few minutes with 5 ml. of 
cold (15°) absolute ethanol and filtered with suction. After washing with 
cold ethanol there remained on the filter 700 mg. of the metabolite as a 
white non-hygroscopic solid. 


Structure of Metabolite 


Properties of Metabolite—The metabolite was obtained as its potassium 
salt, a white crystalline solid melting at 262-263° (in a copper block 
previously heated to 236°) after two recrystallizations from 98 per cent 
ethanol. It is soluble in water and alcohol, sparingly soluble in absolute 
ethanol, and insoluble in ether, acetone, and chloroform. A small portion, 
when burned down on a platinum lid, gave a white ash, which was alkaline 
in reaction. The compound is of basic nature, as is evidenced by the 
formation of insoluble derivatives with HgCl., AuCl;, picric acid, and 
picrolonic acid. 

An elementary analysis supports an empirical formula of CyH,ONiK, 
corresponding to a molecular weight of 380.4. 

Calculated. C 53.67, H 4.50, N 14.73, K 10.28 


Found. ** 53.93 4.42 14.40 10.50 
53.64 4.19 14.76 “ 10.28 


The nicotinic acid content of the compound was observed to be 62.8 and 
63.2 per cent in duplicate analyses; theoretical value is 64.7. 


Heating an aqueous solution of the compound with CNBr at 75° for 5 . 


minutes, cooling, and adding saturated aqueous aniline gave the character- 
istic yellow color produced by pyridine and its derivatives. This indicates 
the presence of pyridine nitrogen in its uncombined tertiary state. The 
substance was also treated with CNBr and metol by the method of 
Perlzweig et al. (5) for the colorimetric determination of nicotinic acid, and 
shown to give a color equivalent to 0.16 of that produced by nicotinic acid. 
The results are recorded in Table I. A similar measurement carried out 
after boiling the substance for 1 hour with 2 n KOH showed a 4.04-fold 
increase in the color, indicating the liberation of a nicotinic acid-like 
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substance during hydrolysis. Calculated as nicotinic acid, this substance 
represented 63.0 per cent of the compound. The metabolite is not hydro- 
lyzed by boiling with 6 N HCI for 1 hour. 

Treatment of a small amount of the metabolite with ninhydrin gave no 
color reaction. However, the addition of this reagent to a neutralized 
alkaline hydrolysate of the metabolite produced an intense violet color. 
This indicates the liberation of an amine or an a@-amino acid during the 
hydrolysis. The extreme stability of the compound to acid hydrolysis 
would perhaps indicate a peptide-like substance rather than an amide. 
A large sample of the metabolite was hydrolyzed with alkali and the 
components isolated and identified as nicotinic acid and ornithine in the 
following manner. 


Taste 
Comparison of L Values Obtained by Colorimetric Determination of Metabolite before 
and after Hydrolysis, with Two Different Amines in Color Reactions 
To bring the readings within the accurate range of the instrument, 100 y of dinico- 
tinylornithine were used for the readings in the first line, but only 10 y for those of 
the second line, for which the greater color of the products of hydrolysis was meas- 


ured. 


L value * 


Metol method 


Aniline method, 


(Perlzweig et al. (S)) | present paper 
100 y 0.421 | 0.124 
10 y after alkaline hydrolysis . ape: 0.170 | 0.075 
7.19 y nicotinic acidf......... lee 0.171 | 0.074 
0.238 0.105 


* Evelyn photoelectric colorimeter. 
t The amount of nicotinic acid obtained by hydrolysis of 10 y of dinicotinylor- 
nithine. 


Hydrolysis of Metabolite—To 850 mg. of the metabolite were added 25 ml. 
of water and 9 gm. of Ba(OH),.-8H.O, and the mixture was boiled under 
reflux for 3 hours in the absence of COQ). There were added 0.7 ml. of 
10x NaOH solution and CO, was passed through the still hot solution until 
the precipitation of barium was complete. The precipitated BaCO; was 
washed by boiling four times with 15 ml. portions of water. The filtrate 
and washings were adjusted to about pH 3 with HCl, the CO, allowed to 
boil off, and the solution was evaporated to a volume of about 50 ml. 

Isolation and Identification of Nicotinic Acid—The hydrolysate (pH 3), 
which contained 570 mg. of the nicotinic acid-like substance expressed as 
nicotinic acid, was placed in a continuous ether extractor for 24 hours. 
At the end of this time the ether contained by direct measurement with 
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CNBr and aniline all the nicotinic acid-like substance originally present in 
the hydrolvsate. The aqueous solution (now free of the nicotinic aeid- 
like substance) was reserved for the isolation of the amine-like substance. 
The ether extract was evaporated to dryness; the slightly discolored residue 
was taken up in 30 ml. of water and cleared by shaking with about 200 mg. 
of Darco charcoal. The solution was evaporated to 20 ml. and placed in 
the refrigerator for 2 davs. The crop of crystals was washed with cold 
water, alcohol, and finally ether. The vield was 425 mg. of small needle-like 
crystals. The melting point was 237-238° (uncorrected). The mixed 
melting point with nicotinic acid was unchanged. A sample of the isolated 
material gave the same amount of color when treated with CNBr and 
metol, according to the method of Perlzweig ef al. (5), as did an equal 
weight of nicotinic acid. Nitrogen determinations by the method of 
Shirley and Becker (8) gave identical values with the isolated substance 
and with nicotinic acid. It is thus established that the nicotinic acid-like 
substance produced by the hydrolysis of the metabolite with alkali is 
identical with nicotinic acid. 

Isolation and Identification of Ornithine—The aqueous hydrolysate now 
freed of nicotinic acid by ether extraction was evaporated to a volume of 
about 10 ml., adjusted to pH 9.7 with KOH, and the evaporation continued 
nearly to dryness. The residue was extracted by boiling with three 5 ml. 
portions of absolute ethanol and the remaining residue (IKKCI) was dis- 
carded. After cooling in an ice bath, the alcoholic extract was filtered and 
the ethanol removed from the filtrate by evaporation. The residue was 
taken up in 10 ml. of H.O, adjusted to pH 7.0 with HCl, and the slightly 
discolored solution cleared by boiling for a few minutes with 100 mg. of 
Darco charcoal. After filtering, the clear colorless filtrate was taken to 
dryness. The white residue was refluxed with 3 ml. of 75 per cent ethanol 
until dissolved. Absolute ethanol was added until a faint cloudiness 
appeared. The solution was placed in the refrigerator until crystalliza- 
tion was complete. There were obtained, after filtering and washing with 
absolute alcohol, 225 mg. of a white crystalline compound as its hydro- 
chloride. The substance melted at 210-211° (uncorrected) after two 
recrystallizations from 80 per cent ethanol. 

A chloride determination showed the compound to contain 21.1 per cent 
chlorine, indicating a molecular weight of 168. The melting point, the 
molecular weight, and the fact that chicks have been shown to conjugate 
administered benzoic acid with ornithine suggested the possible identity 
of the above substance. The mixed melting point of the isolated substance 
and the dl-ornithine hydrochloride was 210-21)° (uncorrected). Orni- 
thuric acid was prepared from dl-ornithine, according to the method of 
Schulze and Winterstein (7). A similar derivative prepared from the 
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isolated material also melted at 181-1$2°. The mixed melting point with 
ornithuric acid was unchanged. It is thus established that the amine-like 
substance produced by the hydrolysis of the metabolite with alkali is 
identical with ornithine. 

On the basis of the foregoing evidence the metabolite contains ornithine 
and nicotinic acid coupled by a peptide link. Nicotinic acid and the amino 
acid are present in the molecule in the molar ratio of 2:1, as indicated by 
the elementary analyses and by the content of nicotinic acid. The metab- 
olite therefore has the structure shown in the accompanying diagram. 


CH,— 


NH NH 


(2,5-Dinicotinylornithine) 


It is of interest to note that this formula is exactly analogous to that of 
ornithurie acid (dibenzoylornithine), which is excreted by the chicken after 
feeding benzoic acid (3). 


SUMMARY 


The excreta of chicks appeared to contain more nicotinie acid after 
alkaline hydrolysis than before, indicating the presence of a hydrolyzable 
compound of nicotinic acid. 

This substance has been isolated from dried chick droppings. A useful 
step in the isolation was the removal of uncombined nicotinie acid from a 
erude extract containing both free and combined nicotinie acid by con- 
tinuous extraction of the aqueous solution with ethy! ether at a low pH. 

The metabolite containing combined nicotinie acid was identified as 
dinicotinylornithine. After hydrolysis the nicotinic acid and ornithine 
were isolated and identified. 
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THE URINARY EXCRETION OF A 
FAT-MOBILIZING AGENT* 


By RUDOLF WEIL ann DeWITT STETTEN, Jr. 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, December 27, 1946) 


The work of Schoenheimer and his collaborators (1) has amply demon- 
strated that the apparent constancy of the quantity of fat in the normal 
adult mammal results, not from the chemical inertia of the fat depots, but 
rather from the nice balance between processes leading to the deposition 
of fat and processes leading to its mobilization and utilization. A decrease 
in the magnitude of the fat depots may occur incident to diminution in the 
rate of fat synthesis, and indeed such a retardation has been shown to 
occur in thiamine deficiency (2) and in diabetes (3). The magnitude of 
the fat depots may obviously also decrease as a result of increased mobi- 
lization of depot fat, and the fact that lipemia and fatty liver are frequently 
observed during starvation or uncontrolled diabetes suggests that this 
process is contributing to the loss of adipose tissue. 

An agent of biological origin endowed with the specific capacity of ac- 
celerating the mobilization of depot fat has been described by Best and 
Campbell (4) as occurring in the anterior pituitary gland. This pituitary 
adipokinin' which may be concentrated from aqueous extracts of beef 
anterior pituitary glands by precipitation, at pH 5.2, with 2 volumes of 
alcohol, produces, when injected into the fasted mouse, an increase in the 
quantity of liver fat which is, within limits, linearly related to the dose in- 
jected. Thus the analysis of the mouse liver for fat provides a convenient 
assay method for this adipokinetic principle (5). That the fat which 
accumulates in the liver after the administration of pituitary adipokinin 
arises at the expense of preexisting depot fat has been shown by Barrett, 
Best, and Ridout (6), and again by Stetten and Salcedo (7). The physio- 
logical significance of this depot fat-mobilizing material is indicated by the 
finding that hypophysectomized rats, kept on a suboptimal diet, lost less 
depot fat than did control animals on the same diet (8); conversely, forced 
feeding of hypophysectomized rats led to excessive adiposity (9-11). 

The possibility that the rate of mobilization of depot fat is influenced 


* This work was carried out with the aid of grants from the Nutrition Foundation, 
Inc., and the Josiah Macy, Jr., Foundation. 

‘To attain brevity, we propose the word “adipokinin” to describe any material 
which favors the mobilization of depot fat and the adjective “adipokinetic” to de- 
scribe this activity. 
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by the liberation, from the anterior pituitary gland, of a specifie adipokinetie 
substance, has therefore been investigated. In these experiments whole 
pituitary glands were removed from freshly killed normal adult rats. One, 
two, or three such glands were finely ground with 1 ec. of saline, and the 
resultant pulp injected subcutaneously into an adult female mouse. After 
10 hours without food, the mouse was killed and the liver was pulverized 
with an excess of anhydrous NaeSO,. This powder was extracted for 48 
hours with CHC; in a Soxhlet apparatus, and the weight of the fat-soluble 
material determined after removal of the solvent. In Table I the effect 
upon mouse liver fat of the injection of one, two, or three rat pituitaries 
is compared with a control series in which | ec. of saline was injected. 


I 
Effect of Injection of Whole Rat Pituitery Glands upon Fat Content of Livers of Fasting 
Mice 
The whole pituitary glands from one, two, or three normal adult rats were finely 
ground in 1 cc. of saline and the entire mass injected into a fasting mouse. The fat 
content of the mouse liver was determined after 10 hours. 


No. of 
pituitaries of mice | | Mean liver fat 

0 21 | 20-26 | 1.466 | 74.3 328 + 13° 

9 20-23 | 138.8 628 + 34 

2 10 | 20-26 1.771 | 211.6 | 937 + 41 

= (v?) 
* Probable error = +.0.6745 —-—-—--. 
} n(n — 1) 


The proportionality between the quantity of pituitary material injected 
and the quantity of accumulated liver fat, previously reported by others 
(5), is at once apparent. This approach was therefore applied to a study 
of the problem of variations in the adipokinetie activity of pituitary glands 
that might result from fasting or from diabetes. From a few preliminary 
experiments, however, it was apparent that no significant variations from 
the normal would be demonstrable by this crude assay technique when 
the pituitary glands of previously fasted or alloxan-diabetic rats were com- 
pared with normal glands. 

The possibility was therefore entertained that, in spite of the absence 
of demonstrable variation in the adipokinetie activity of the pituitary 
glands, in these conditions, variations might occur in the quantity of 
adipokinin released under conditions of starvation or diabetes, and that 
this might in turn be reflected by variations in the analogous activity of 
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the urine. 24 hour urine samples were collected from pairs of young rabbits 
of opposite sex. The pHi of the urine was adjusted to 5.2 by the ad- 
dition of HCl, and 2 volumes of aleohol were added. The resultant dried 
precipitate was treated with 2 cc. of very dilute NasCOs solution, cen- 
trifuged, and 0.6 cc. of the clear supernatant injected intoa mouse. After 
10 hours of fasting, the mouse livers were analyzed for total lipide, as 
described above. The same procedure was repeatedly performed on the 
same rabbits with one variation. Prior to and during certain of the periods 
of urine collection, the rabbits were fed ad lilitum, while other periods of 
urine collection were preceded by 24 hours of fasting, which was continued 
during the period of collection. 

From the values in Table II, it will be seen that the livers of mice re- 
ceiving urine extract from normally nourished rabbits are no richer in fat 


Taste II 
Effect of Fasting upon Adipokinetic Activity of Rabbit Urine 
An extract from the urine of pairs of rabbits has been assayed by the injection 
into fasting mice and determination of the fat content of the mouse liver after 10 


hours. Urine samples from normally fed, from previously fasted, and from diabetic 
rabbits have been compared with saline by this procedure. 


| | 
Material injected ‘mice’ | | | 
cm. me. 
21 | 20-26 1.466 | 74.3 | 328413 
Extract, normally fed rabbit urine. 15 20-27 | 1.422 76.0 339 + 9 
“ fasted rabbit urine ....... 15 | 20-26 «691.530 124.5 | 513+ 20 
diabetic rabbit urine... __.. 7 22-25 | 1.487 | 80.1 382 + 14 


than the livers of the saline-injected controls. In other words, the urine 
of normally fed rabbits was devoid of demonstrable adipokinetic activity. 
When the same rabbits were fasted, however, there appeared in the urine 
a material which was precipitated at pH 5.2 by 2 volumes of alcohol and 
which provoked a statistically significant increase in the fat content of 
mouse livers. It is at this time a matter of speculation whether the adi- 
pokinetic activity that we have demonstrated to occur in the urine of the 
fasted rabbit is identical with that shown by Best and Campbell (4) to 
occur in the normal anterior pituitary gland. It is of interest, however, 
that, during fasting, under conditions in which an increase in the mobiliza- 
tion of depot fat might be anticipated, there appears in the urine a material 
capable of provoking such an increase, which at least superficially resembles 
pituitary adipokinin. 

A few rabbits, rendered diabetic by the intravenous injection of 150 


| 


132 EXCRETION OF FAT-MOBILIZING AGENT 


mg. of alloxan monohydrate per kilo, have similarly been studied. When 
these animals were fed ad libitum, their urines contained at most scanty 
adipokinetic activity, in the small series studied probably not statistically 
significant. When assays were attempted on the urines of fasted diabetic 
rabbits, the urine extracts proved uniformly fatal to mice, and the analyses 
could therefore not be completed. 


The authors wish to acknowledge their indebtedness to Dr. A. C. Slanetg 


for advice and Miss Sophie Ross for technical assistance. 


SUMMARY 
A material capable of provoking an increase in the fat content of the 


mouse liver appears in the urine of the fasted, but not of the normally 
fed rabbit. Like the fat-mobilizing substance of the anterior pituitary 
gland, this material is precipitable at pH 5.2 by 2 volumes of ethanol, 
and its possible relationship to pituitary adipokinin has been discussed. 
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A MICROMETHOD FOR THE QUANTITATIVE DETER- 
MINATION OF THE URINARY COPROPORPHYRIN 
ISOMERS (I AND III)* 


By SAMUEL SCHWARTZ, VIOLET HAWKINSON, SANFORD COHEN, anp 
CECIL JAMES WATSON 


(From the Department of Medicine, University of Minnesota Hospital, Minneapolis, 
and the Metallurgical Laboratory,+ University of Chicago, Chicago) 


(Received for publication, December 10, 1946) 


Previous communications (1, 2) have dealt with the problem of determin- 
ing the relative percentage of the naturally occurring urinary copropor- 
phyrin isomers, types [and III. In the first of these papers a method was 
described for separating small amounts of the pure isomers by means of 
their differential elution from aluminum oxide with 30 per cent acetone. 
In spite of a trial of many alternative procedures it has not been possible to 
apply this method consistently to urine except when the coproporphyrin is 
first isolated as the crystalline ester. This of course defeats the primary 
objective of the method, since the coproporphyrin I ester crystallizes much 
more quantitatively than does the coproporphyrin III ester, and relatively 
more of the latter is therefore lost in the mother liquor. In addition, a 
tedious extraction procedure is required to purify the porphyrin from a 
large volume of urine. The second paper referred to described a difference 
in fluorescence stability of the two porphyrins which permits determination 
of their relative percentage in a given urine sample, without recourse to 
solation. It employs as little as 100 cc. of urine, or even less in instances in 
which the porphyrin concentration is considerable. The purpose of the 
present communication is to describe details of a method based upon this 
difference in behavior. 


Method 


The concentration of the total urinary coproporphyrin is first determined. 
The procedure is based upon similar methods previously described by Saillet 
(3), Fischer (4), and Fikentscher and Franke (5). 

100 cc. of urine are acidified with 10 cc. of glacial acetic acid and then 
extracted three times with 0.5 to 1 volume of peroxide-free ethyl ether, each 
time. The combined ethers are washed three times with 3 per cent aqueous 
sodium acetate solution. The coproporphyrin is then extracted by four 


* Aided by grants from the John and Mary R. Markle Foundation and from the 
Rockefeller Foundation. 
t Under Contract W-7401-eng-37 with the Manhattan Project. 
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shakings with 10 cc. portions of 5 per cent HCl. ‘The combined 5 per cent 
HCI solution is made acid to Congo red paper by addition of saturated 
aqueous sodium acetate solution, after which the porphyrin is transferred 
to ethyl ether by means of three extractions. The combined ether is 
washed twice with water. The porphyrin is then removed from the ether 
by four extractions with 1 per cent HCI solution, sufficient in amount to 
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Kiett reading 


100} 


O 20 40 8O 120 140 
0 : per cent 
Fic. 1. Fluorescence intensity of varying concentrations of free coproporphyrin 
in 1 per cent HC! as measured on a Klett fluorophotometer. A 3 per cent aqueous 
fluorescein solution was employed as the standard. 


make a total volume of 10 to 20 cc. Quantitative extraction is insured by 
observing the red fluorescence of the porphyrin in ultraviolet light.! 

The total coproporphyrin content of this solution is measured fluori- 
metrically. The calibration curve obtained with our Klett fluorophotome- 
ter is shown in Fig. 1. When the total amount of porphyrin in the final 1 


' Portable black light, model ZB-11 (Magna Flux Corporation, Chicago, Dlinois). 
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percent HC1 is less than 10 7, it is best to extract more urine in the same way 
before proceeding with the isomer analysis, although the latter can be 
accomplished with as little as 2 y of total porphyrin. This may be neces- 
sary, since considerable loss of porphyrin may occur during the subsequent 
purification procedure. 

Two alternative procedures have been employed for the further purifica- 
tion of the total coproporphyrin and for the isomer analysis. Both of these 
will be described here, though the isomer analysis by the more recently de- 
veloped second method is undoubtedly more reliable, and is now used 
exclusively in our laboratory. ‘The first procedure (A), if carefully exe- 
cuted, has also proved satisfactory. It has been used in many of our 
earlier clinical studies, to be reported in separate communications. The 
second of these methods (Procedure B), on the other hand, has been used 
exclusively in a series of studies to be reported in the “Plutonium project 
record’’ (6). 

Procedure A-—-The combined | per cent HCl solution is added to 4 
volumes of methyl alcohol previously saturated in the cold with HCl gas. 
After standing at least 4 hours, the porphyrin ester ts extracted by chloro- 
form, the methyl! aleohol-HCl solution first having been diluted with sev- 
eral volumes of water. The chloroform is then washed successively, twice 
each with 10 to 20 ce. portions of water, 10 per cent ammonium hydroxide, 
and 7 per cent sodium chloride. It is then filtered through a chloroform- 
moistened filter paper and concentrated to dryness on a water bath. 

The porphyrin ester is next purified by chromatographie analysis. The 
residue is dissolved in a drop or two of chloroform and diluted with 3 to 4 ce. 
of benzene. ‘This solution is passed through a column of calcium carbonate 
(Cenco, U. S. P., precipitated powder), 6 to 8 em. in height in a Zech- 
meister-Cholnoky chromatograph tube (7). The porphyrin esters are 
adsorbed together in the upper few mm. of the column. The chromato- 
gram is developed with a 1:10 to 1:15 mixture of chloroform-benzene, the 
higher concentration of chloroform being required in some instances for 
sufficiently rapid development. The porphyrin zone, containing both 
coproporphyrin isomers, is eluted to about the middle of the column. The 
column is then pushed out of the tube and the porphyrin zone is cut out in 
the usual way (7-9). If at leact 5 y of porphyrin are present, a distinct 
ted or pink zone may be seen in visible light. In ultraviolet light, however, 
the red fluorescence permits the porphyrin zone to be more sharply outlined 
with much smaller amounts. 

The porphyrin esters are eluted from the CaCO; with a small amount of 
chloroform. This is filtered through a small sintered glass filter. The total 
porphyrin concentration in this solution is measured in the fluoro- 
photometer. The calibration curve prepared with our Klett apparatus is 


| 
| 
| 
| 
| 
| 
pus 
by 
ofi- | 
| 
s) 


136 URINE COPROPORPHYRIN ISOMERS 


shown in Fig. 2. An aliquot containing 4 to 10 7 is removed to an Evelyn 
tube and evaporated to dryness. The residue is dissolved in 4.5 cc. of 
freshly distilled acetone, and 10.5 cc. of distilled water are added with 
immediate mixing. The tube is then corked and the fluorescence is mea- 
sured immediately in the Klett fluorophotometer.? The solution is then 
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Fic. 2. Fluorescence intensity of coproporphyrin methyl! ester in chloroform as 
measured on a Klett fluorophotometer against a 3 per cent fluorescein solution. 


refrigerated at 4° for 14 hours, after which it is removed to room tempera- 
ture for 5 minutes. The fluorescence is then measured again. 

As has been shown elsewhere (2), the fluorescence of coproporphyrin I 
is completely quenched in this interval, whereas that of coproporphyrin III 
remains essentially constant. In a mixture of the two isomers, however, 
coprecipitation of both occurs (6). Under the conditions of the test the 


? A special metal adapter was constructed which permits the use of Evelyn tubes 
rather than the cuvettes or small tubes supplied with the instrument. 
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extent of this coprecipitation is such that the 14 hour reading approximates 
that of the coproporphyrin III alone. This is shown by the data in Fig. 3. 
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Per cent coproporphyrin III in mixture 


Fic. 3. The relationship of fluorescence stability to the per cent distribution of 
coproporphyrin I and III esters in 30 per cent acetone (Procedure A). A value of 100 
per cent stability indicates no quenching of fluorescence under the conditions of the 
test. 


The per cent of each isomer in the mixture is, therefore, calculated as 
follows: initial reading = coproporphyrin I + coproporphyrin III; final 
reading = coproporphyrin III; difference = coproporphyrin I. Therefore 

Final reading X 100 

Initial reading 
It should be emphasized that the reading at 14 hours does not represent a 
condition of equilibrium, and that accurate timing is therefore of crucial 


importance. It is because of this limitation that isomer analysis by this 
method has now been replaced by the modified Procedure B which does 
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yield a condition of near equilibrium for 24 hours or more. It should also 
be pointed out that the curve shown in Fig. 3 appears to be an S-shaped 
skew rather than a straight line. 

Procedure B—The combined 1 per cent HCI solution is made acid to 
Congo red paper by the addition of saturated aqueous sodium acetate 
solution. A few cc. of glacial acetic acid are added and the porphyrin 
is extracted twice with ethyl acetate. It is then removed from the ethyl 
acetate by three extractions with 1 cc. portions of 10 per cent HCl. To 
this are added 10 volumes of CH;OH-H,SO, (20:1). After 4 to 24 hours 
3 volumes of 2 per cent NaOH are added and the porphyrin ester is immedi- 
ately extracted with about 50 cc. of ethyl acetate. ‘The solution should 
be definitely alkaline; extraction is incomplete if more than a small amount 
of sulfuric acid remains. The ethyl acetate is washed once with 0.5 per 
cent NaOH solution, and twice each with water and 7 per cent NaCl. It 
is then filtered through paper moistened with ethyl! acetate and evaporated 
to dryness on a water bath. The residue is dissolved in chloroform- 
benzene and subjected to chromatographic purification, as described above 
for Procedure A. 

The concentration of the total coproporphyrin ester is determined in 
the chloroform eluate of the esters from the CaCO ;. An aliquot containing 
2 to 5 + is transferred to an Evelyn tube and evaporated to dryness for 
isomer determination. This residue is dissolved in 3.5 cc. of freshly 
distilled acetone, and 6.5 cc. of H,O are added with constant mixing. 
The tube is tightly corked, and the fluorescence is measured immediately 
in the Klett fluorophotometer. The tube is then immersed for 3 or more 
minutes in a dry ice-acetone bath. The solution is quickly frozen solid. 
The sample is then removed and kept at room temperature (22-25°). 
The fluorescence is measured again after a period of from 4 to 36 hours, 
during which time a condition of relative equilibrium prevails (6). 

The ratio of initial to final readings has been determined in a series of 
75 experiments in which known mixtures have been analyzed in this way 
(6). The results are summarized in Fig. 4, in which each point represents 
the average of five to eleven determinations. 

Determination of the per cent of each isomer in any unknown mixture 
is determined by reference to Fig. 4. Thus, for example, the calculated 
values for the 75 recovery experiments mentioned above differed by an 
average of only 2.2 per cent from the known values. 


Recovery Data and Confirmatory Isolations 


Determination of Coproporphyrin Isomers I and III Added to Extracts of 
Human Urine, by Procedure A—The first 5 per cent HCl extract from a 
sample of human urine_was found to contain 60 y per 100 cc. of total 
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coproporphyrin, of which 20 per cent was type III isomer and 80 per cent 
was type I. To five portions of the extract each measuring 7.5 cc., copro- 
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Fic. 4. The relationship of the ratio of initial to final fluorescence intensities and 
the per cent of coproporphyrin III in a 35 per cent acetone solution of a mixture of the 


coproporphyrin isomers (Procedure B). 


porphyrin isomers were added in the amounts noted in Table I, with 
recoveries as indicated. 
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Comparison of Isomer Analysis by Procedure A and Melting Points of 
Crystalline Esters Isolated from Larger Volumes of Same Urine—The data 
of Table II are shown simply to indicate the reliability of the quantitative 
procedure as controlled by actual isolation of the crystalline coproporphyrin 
esters from the urine, with determination of the ester melting points. 


TaBLe I 
Recovery of Coproporphyrin Isomers from Urine by Procedure A 


Type Ill 
Type I added Type III added 
Observed Calculated 
per cent per cent 
10.5 0.0 5 6 
7.8 3.0 23 26 
3.9 6.6 50 50 
1.5 9.0 61 66 
0.0 10.5 75 76 
Taste II 


Comparison of Isomer Analysis and Crystalline Ester Melting Points (after Three 
Crystallizations from CHCl,-CH,OH)_ 


Isomer analysis 
Urine sample No. 
Coproporphyrin I* Coproporphyrin IIIt M.p. 
per cent per cent c. 
2 249-250 
2 S4 16 228 
3 79 21 232 
4 75 25 228 
5 40 60 198 
: 6 25 75 132-134 
7 20 80 138 
Ss 18 82 140-141 
18 82 130 
10 11 89 132 


* Ester m.p. 252°. 
t Ester m.p. 134°, 142°, 170° (dimorphic m.p.). 


The method of isolation was the same as that described above except that 
larger volumes of urine were used. The chloroform eluate from the CaCO; 
was evaporated to about 1 ec., about 5 cc. of CH,OH were added, and the 
solution evaporated to about 1 cc. Crystallization occurred on cooling. 
The melting points were determined by means of a Fisher-Johns micro 
melting point apparatus. It is well known that mixtures of the copropor- 
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phyrin esters (I and III) exhibit melting points intermediate between 
those of the pure substances, rather than a sharp depression (9-11). 
Furthermore, as noted above, the melting point cannot be used as a 


Determination by Procedure B of Coproporphyrin I and III Added Directly 


TaBLeE III 


to Human Urine 


ante ¥ Porphyrin added Coproporphyrin III at 21 hrs. 
Coproporphyrin I | Coproporphyrin III Theoretical Found 
¥ per cent ¥ per cent per cent per cent 
1A 0.0 0.0 86 87 
B 0.0 0.0 86 S4 
C 0.0 0.0 - 86 86 
D 0.0 0.0 86 88 
2. A 3.5 0.0 55 50 
C 3.5 0.0 55 51 
D 3.5 0.0 55 55 
3. A 8.8 0.0 38 39 
C 8.8 0.0 38 31 
D 8.8 0.0 38 39 
4. A 17.6 0.0 24 23 
B 17.6 0.0. 24 28 
C 17.6 . 0.0 24 26 
D 17.6 0.0 24 24 
5. B 0.0 8.8 93 86 
C 0.0 8.8 93 86 
D 0.0 8.8 93 §9 
TaBLe IV 
Independent Isomer Analyses by Procedure B 
Per cent type III isomer found by two analysts 
Sample No. 
: V. H. D.S. 
1 175 45 42 
2 - 226 63 64 
3 145 34 32 
4 452 12 13 
5 25 17 23 


quantitative measure of the ratio of the two isomers, but merely indicates 
the predominant isomer type. 

Isomer Analyses by Procedure B after Addition of Varying Amounts of 
Type I and III Isomers Directly to Human Urine—Varying amounts of 
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free coproporphyrin in | per cent HCl were added directly to 500 ee. 
portions of a pooled sample of human urine which contained 7.1 y of total 
coproporphyrin per 100 cc. Just before esterification the final 1 per cent 
HCl extracts were divided into four equal portions, Samples A, B, C, and 
D. Samples A and B were esterified by means of CH;OH-HCI, as in Pro- 
cedure A, while Samples C and D were esterified with CH,;OH-H,S0,. 
Isomers in all four portions were determined by Procedure B. The second 
reading was made at 21 hours in each instance. The data are shown in 
Table III. (Four samples were analyzed by a modified procedure and are 
“therefore not included in Table IIT.) 

As a further test of the reliability of this procedure, determinations of 
the isomer distribution in five 24 hour urine samples were made by one of 
us (V. H.) and independently by another individual* who had been 
trained in the method. The source of the urine samples and the results 
of the other analyst were unknown until each had completed the five runs. 
The results of this experiment are shown in Table IV, from which it is 
evident that the agreement was reasonably satisfactory. 


DISCUSSION 


Isomer analysis by Procedure B is regarded as less liable to error because 
the factors of time and temperature are not so delicately balanced as 
they are in Procedure A. Using the latter, we have found that consistent 
results are obtained only when 14 hours of refrigeration are used, | hour or 
2 hours being unsatisfactory. With Procedure B, however, much more 
latitude is allowed both in the period of freezing and in the time thereafter 
at which the second reading may be made. Data bearing on these points 
are described in detail in a separate report (6). This report also includes 
studies of the coprecipitation phenomenon which is the basis of the fluores- 
cence quenching and hence of the method of isomer analysis; additional 
data relating to the determination of isomers added to various samples of 
urine and urine extracts are also given in this report. 

The following precautions and reservations may be noted, with respect 
to the methods described above. 

The instrument used for fluorescence measurement must be accurate 
at relatively low levels of fluorescence intensity. Thus, if the initial 
reading is 200, a large variation cf the final reading at certain levels, 1.¢. 
from 60 to 45, would give a difference of only 6 per cent (200/60 = 3.33 = 55 
per cent copro III; 200/45 = 4.44 = 49 per cent copro III). On the other 
hand, a small variation from 10 to 5 in the final reading means a difference 
of 10 per cent (18 versus 8 per cent copro III). The instrument should be 
restandardized as often as necessary to insure accuracy. 

The instrument should be so calibrated that the highest reading (1-¢. 


* We are indebted to Mr. Donald Sutherland for these determinations. 
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300 on the Klett apparatus) represents a concentration of about 60 + 
per cent. Readings above 300 should be diluted immediately with pre- 
viously prepared 35 per cent acetone, since at high concentrations copro- 

yrin I precipitates rapidly even at room temperature. Crude meas- 
urement of the fluorescence in the 3.5 cc. acetone permits one to predict the 
reading to be expected after dilution with water. If the concentration in 
3.5 cc. is too high, more acetone is added, followed by the proper amount 
of water. 

Reagents used for chromatography and isomer analysis should be free 
of any blue fluorescence in ultraviolet light. We have found that a 
weekly distillation of reagents is adequate in this regard. 

The metal complexes of coproporphyrin may give rise to difficulty. 
The zinc complex is readily split by hydrochloric acid, and any zine copro- 
porphyrin present in the native urine or formed prior to esterification 
because of contact of the urine with soft glass will be included as the free 
porphyrin in the total which is subjected to isomer analysis. The zine 
complex may also be formed if the ester comes in contact with zinc, either 
due to use of soft glass or contaminated reagents, such as methyl alcohol 
from metal drums. This complex separates from the free coproporphyrin 
methyl ester on the CaCO; column, remaining well above it under the 
conditions described, and exhibiting a yellow or orange rather than a pink 
or red fluorescence in ultraviolet light. ‘The copper complex is much more 
dificult to detect, since it does not exhibit fluorescence in ultraviolet light 
and is not split by HCl. Fortunately, formation of the copper complex 
in the native urine or even on long standing in soft glass containers appears 
to be rare so far as we can determine. The copper complex may be split 
by solution in concentrated H,SO,. 

It is essential that the Evelyn tubes be tightly corked to prevent evapora- 
tion of acetone. For a time, we used beeswax to seal the tubes, but this is 
unnecessary if sufficient care is given to fitting the corks carefully. 

Since the total porphyrin concentration must lie in the 20 to 50 y per 
ent range (2, 6), there is no reason why the method cannot be applied 
toless than 2 y of total porphyrin by appropriately reducing the volume and 
wing specially selected small tubes. Since we have not had occasion to do 
this, we cannot say whether or not Fig. 4 would apply without modification. 

This method has been applied to many hundreds of urine samples 
obtained from individuals having a variety of diseases, notably those of 
the liver and blood-forming organs. The results of these studies will be 
made the subject of separate communications. 


SUMMARY 


1. Procedures not entailing crystallization are described for the quanti- 
tative determination of the urinary coproporphyrin isomers I and III. 
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Partially purified solutions containing 2 to 5 of total coproporphyrin are 


required for the isomer analysis. 

2. The procedures depend upon a marked difference in fluorescence 
stability of the two porphyrin methyl esters in 30 to 35 per cent aqueous 
acetone in the cold, that of coproporphyrin III being relatively much more 
stable. 

3. The validity of the method has been confirmed by the recovery of 
added amounts of each of the coproporphyrin isomers with an a 
error of less than 3 per cent, also by isolation of the crystalhne porphyrin 
esters from large volumes of the same urine samples, with subsequent 
identification of the predominant isomer type by means of ester melting 
point determination. 
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VARIATIONS OF THE INDIVIDUAL BLOOD PLASMA AMINO 
ACID NITROGEN LEVEL 


By GEORGE E. F. BREWER, W. S. BROWN, CECIL C. HARVEY, 
ano M. K. HORWITT 


(From the Biochemical Research Laboratory, Elgin State Hospital, Elgin, and 
Marygrove College, Detroit) 


(Received for publication, August 28, 1946) 


Several papers (1-3) have been published recently on the subject of the 
amino nitrogen of human blood plasma as determined by Hamilton and 
Van Slyke’s ninhydrin method (1). 

The values reported for the blood plasma filtrates of persons in the post- 
absorptive state vary from 3.35 to 5.00 (1), 2.3 to 7.3 (2), and 3.37 to 4.97 
(3) mg. of amino nitrogen per 100 ml. of plasma. 

It has also been reported (3, 4) that significant differences of the amino 
nitrogen level are found when samples are taken from the same person on 
different days. 

The above reports do not show whether each individual develops his own 
average amino nitrogen level or passes through the full range of observed 
values. Only a large number of analyses carried out on blood samples from 
a large number of persons can absolutely answer this question. However, 
the results of a limited number of analyses can be dealt with by means of 
statistical techniques. 

We have, therefore, endeavored to follow the fluctuations of the amino 
nitrogen contents of human blood plasma by Van Slyke’s ninhydrin tech- 
nique for periods of more than 3 months. 

The blood samples were taken during the summer wat autumn months 
of 1944 from two distinctly different groups of people: (1) presumably 
healthy individuals (two men and three women) of ages between 21 and 38 
years; (2) a group of twelve males, mental patients, physically well, of 
ages bet ween 29 and 77 years, who were under strict dietary control for well 
over 1 year as participants in a nutritional project being conducted at Elgin. 
Differences due to environment or working conditions can, therefore, be 
minimized as factors affecting the data reported below. 


Method 


Samples were taken before breakfast and the oxalated plasma treated 
«cording to Hamilton and Van Slyke’s ninhydrin method (1). No cor- 
retion was made for plasma urea concentration, since no urea concentra- 
oat more than 18 mg. of urea nitrogen per 100 ml. of plasma had been 
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The average difference between duplicate determinations of plasma was 
1.5 per cent or 0.064 mg. per cent of amino nitrogen. The analytical re- 
sults were checked daily by including a sample of tyrosine or tyrosine and 
glutamic acid with the plasma filtrates. Because recoveries of amino nitro- 
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Fig. |. Plasma amino nitrogen levels obtained from the plasma of individuals. @ 
represents the average of determinations on at least two separate plasma filtrates; O 
the average of determinations on a single blood filtrate; * represents female subjects. 


gen from these amino acids were consistently accurate to better than | per acc 

a cent, two of the more experienced operators of the Van Slyke manometer for 
F apparatus did single determinations on many of the later samples (see Fig. tim 
1). the 
ss The data reported in Fig. 1 were first used to determine the average of | 46 
the 


Pe each individual (Table I, Column 6). Then the deviations from this aver- 
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and the optimum standard deviation estimate, s, were computed, 
s= Vz (X—X)*/(n—1), where X is the analytical result, X the arith- 
metical mean of all the data for one individual, and n the number of de- 
terminations. The confidence limits of the individual averages were then 
determined for the 95 per cent probability point (Table I, Column e) 


| "HEALTHY INDIVIUALS 


Fic. 1, B 


according to the equation Poe, = + ts// n, where ¢ is the probability factor 
for the 95 per cent point, n — 1 the degrees of freedom (6, 5), and s the op- 
timum standard deviation estimate (Table I, Column d). As an example 
the average of eighteen determinations carried out on subject C. T. is 
4.65 mg. per cent with a 95 per cent confidence limit of +0.07. There is, 
therefore, only 1 chance in 20 that the “true” average of this person’s 
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amino nitrogen is outside the limits 4.72 and 4.58 mg. per cent. There is 
an even chance that any fasting sample taken from this subject will show 


Tasie I 
Results of Statistical Computations 


The results in Columns b, d, and ¢ are expressed in mg. per cent of amino 
acid nitrogen. 


No. ermi-| = i D. 
| | “average 
| (b) | id) ‘e 
Healthy 
ae 4.36 2.410 | 0.49 | 0.31 
J.C. 9 3.71 2.841 | 0.505 | 0.41 
M. H. 9 3.94 1.327 0.406 0.28 
J.N. 6 4.04 0.209 0.2003 0.17 
eae 7 3.98 1.031 0.415 | 0.33 
Psychotic 
0.201 | 0.09 
| | | 0.472 0.166 | 0.08 
| 4.75 | 2,907 0.413 | 0.9 
D. 8. om 1.830 0.310 | 0.15 
P. W. is | 400 0.733 0.208 0.10 
H. M. is | 1.808 0.325 | 0.16 
H. B. 0.254 | 0.13 
| | | 0.273 | 0.1 
H. J. | 0.255 0.13 
D.H. | 19 | 4.08 | 1.946 


- 
Optimum deviation catimate < / average 


t 95 per cent probability = = ; = the probability factor 


for 16° of freedom (5). 


a deviation from 4.65 mg. per cent by more or less than 0.149 mg. per cent 
(Table I, Column 4d). 

The average of all tie 262 determinations was found to be 4.26 mg. per 
cent. If, however, the seventeen individual averages (Table 1, Column }) 
are averaged, the more reliable total average of 4.22 mg. per cent is found. 
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The optimum standard deviation of the individual average from 4.22 mg. 
per cent is computed to be 0.297. Any specifie sample taken differs, of 
course, from the donor’s average value and this variability has been es- 
timated to be 0.307 mg. per cent from the relation 


(my — 1) + +++ (me — 1) 

If there was on the average no difference between donors, the standard 
deviation of the donor’s average from 4.22 mg. per cent would be 
0.307/+/15.3 = 0.078 mg. per cent, where 15.3 is the average number of 
determinations per donor. Actually, as shown above, the value is 0.297, 
indicating that there is more difference between donors than would be ex- 
pected from chance causes alone. 

The question remains whether it is likely that any individual would cover 
the full range of possible amino nitrogen values, or whether a certain smaller 
range of values is preferred. In other words, statistically expressed, are all 
the observed values taken from the same source or from different sources? 


Bartlett’s x? test (7) has been used here. 
Crude x? = 2.303| (log Vo) — (Zdf) (log V)] 
where V = s*, Vo = (3 (df)(V))/Zdf, df = (n — 1). 


Both the crude and the corrected value of x? proved that the samples were 

not taken from the same source. A similar result was obtained through 
the analysis of the variance of the individual data and variance of the 
means. 
It is physiologically significant that certain individuals have smaller 
variations from their mean values than other individuals who show wider 
variations. The causes of these individual differences in stability of plasma 
amino acid concentration remain to be investigated, but they may be re- 
lated to the subject’s emotional stability (4), since it has been shown that 
pharmacological stimulation of the sympathetic nervous system causes a 
marked drop in plasma amino nitrogen. 


SUMMARY 


1. Covering a period of about 3 months, an average of 15.3 samples of 
fasting blood has been taken from each of seventeen persons (three women 
and fourteen men) and the plasma amino nitrogen has been determined by 
the ninhydrin manometric method. Fig. 1 shows these data plotted against 
time. 

2. The average amino nitrogen value of all the above 262 determinations 
was 4.26) mg. per cent. 

3. Bartlett's x? test applied to the above figures and analysis of the vari- 
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ances showed that it is very improbable that the above data were all drawn 
from the same source. It is, therefore, concluded that each individual 
develops his personal average amino nitrogen level and any given sample 
fluctuates around this individual average. 

4. The true average amino nitrogen value is, therefore, more 
determined by averaging the individual averages. This gave the average 
value of 4.22 mg. per cent amino nitrogen. In computing the confidence 
limits of this value, it was determined that there are 19 chances in 20 that 
the true average would lie within the limits of 4.07 and 4.37 mg. per cent. 

5. The basal plasma amino nitrogen values of an individual do not seem 
to fluctuate greatly from day to day, but to develop upward or downward 
trends, which last for a limited number of days. 

6. The range of amino nitrogen in the plasma is an individual function 
that remains fairly constant from month to month. 


The authors are indebted to Miss Mary Ellen Hohl and Miss Thelma 
Warner, Marygrove College, Detroit, for part of the analytical work, and to 
Dr. Oscar Kreisler and Mrs. Edna Newtson, Elgin State Hospital, for their 
assistance in the clinical handling of the patients. 

Special thanks are due to Mr. George W. Thomson (Chemical Research 
Department, Ethyl Corporation, Detroit) for his advice on the statistical 
phase of the work. 
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THE ESTIMATION OF PARATHYROID HORMONE ACTIVITY 
BY ITS EFFECT ON SERUM INORGANIC PHOSPHORUS 
IN THE RAT* 


By HELEN M. TEPPERMAN,t MAURICE V. L’HEUREUX,$ 
ALFRED E. WILHELMI 


(From the Department of Phystological Chemistry, Yale University, New Haven) 
(Received for publication, December 11, 1946) 


The activity of parathyroid hormone preparations is commonly estimated 
by the method of Collip and Clark (1, 2), which has been adopted as a 
standard procedure in the United States Pharmacopoeia. The U. S. P. 
unit is defined by this method as 0.01 of the amount of parathyroid hormone 
required to raise the serum calcium of a 10 to 12 kilo dog 1 mg. per cent 
within 16 hours after subcutaneous injection of the material under test. 
The estimate is based on the specified response of the animal, without ref- 
erence to a standard, on the assumption that the response is directly 
proportional to the dose. Miller (3) and Bliss and Rose (4) have shown 
that the method of estimating the serum calcium in the dog has serious limi- 
tations, but that by employing suitable experimental designs (involving 
fairly large numbers of dogs and much time) satisfactory assays of para- 
thyroid hormone preparations may be made in terms of a standard prepa- 
ration employed in parallel with the unknown. 

In either form, the dog serum calcium method is unsuitable for rapid and 
reasonably accurate estimations of the potency of the numerous fractions 
obtained during work on the isolation and purification of the parathyroid 
hormone. From the standpoint of uniformity of material, cost, ease of 
maintenance, and the requirements of number for a single estimation, the 
rat offers every advantage over the dog. The object of this paper is to 
show that male white rats weighing from 150 to 250 gm. exhibit a measur- 
able fall in serum inorganic phosphorus 3 hours after the subcutaneous in- 
jection of parathyroid hormone, that the relation between the fall in 
serum inorganic phosphorus and the logarithm of the dose of hormone is 
substantially linear over the range 12.5 to 100 U. S. P. units, and that this 


* The data forming the basis of this paper were taken from the dissertations sub- 
mitted by Helen Murphy Tepperman and Maurice V. L’Heureux in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy, Yale University, 1942 and 
IM4, respectively. 

t Present address, Department of Pharmacology, School of Medicine, Syracuse 
University, Syracuse, New York. 

$ Present address, Department of Biological Chemistry, Loyola University School 
df Medicine, Chicago, Illinois. 
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relationship may be used to estimate the activity of parathyroid hormone 
preparations in terms of a previously determined standard dose-response 
curve, or in terms of a standard preparation tested in parallel, with an ae- : 
curacy at least as great as that of the dog serum calcium method and with 
far greater convenience. 


EXPERIMENTAL 


Materials and General Methods—Male albino rats of the Sprague-Dawley 
strain were used. They were fed a standard ration of Purina dog chow and 
were allowed to become accustomed to the laboratory and the diet for at 
least a fortnight before use. Except when otherwise indicated, they were 
not fasted before use, but during the experiments they were allowed only 
water. Since the animals were used in the late morning or early afternoon 
hours, they were considered to be in the postabsorptive state. Blood 
samples were taken without anesthesia, the animal being temporarily ai 
restrained in a small rat holder. The blood (0.6 ml.) was ‘‘milked” from 
the cut end of the tail into 1 ml. centrifuge tubes. The tubes were centri- 
fuged for 10 minutes, and 0.2 ml. samples of the serum were pipetted into _ 
6 ml. of 10 per cent trichloroacetic acid in 15 ml. centrifuge tubes. A5dml. | 
aliquot of the protein-free supernatant fluid was taken for the determina- 
tion of inorganic phosphorus by the method of Fiske and Subbarow (5), _ 
modified for the Evelyn photoelectric colorimeter. | 

Parathyroid extract (Lilly) was used as a standard preparation through- 


out the experiments. In constructing a dose-response curve the same lot | 1 
of material was used for all of the observations. For doses of less than 100 


units (1 ml.), the extract was diluted with 0.9 per cent sodium chloride I 
solution so that in every instance the volume of the test injection was 1 ml. | 
Except when otherwise indicated, the test solutions were injected sub- ) 
cutaneously in 0.5 ml. portions on each side in the lumbar region. The | 2 
injections were made immediately after the initial blood sample was taken, 
and the animals were then placed in individual cages where they remained 

quietly until the time for the final blood sample. In the course of the 

A work no animal was used more often than every 2nd and, in most instances, | 

every 3rd day. 

The animals first used to determine the response to the hormone and to 
establish the relation between the response and the amount of hormone 
injected are designated in Tables I to VII and in Fig. 1 as Group I, and 
EH those used iater to check the initial observations and to develop the final 
Ys form of the method of estimation are designated as Group II. Each group | 
Ad behaved consistently, but the animals of Group I were less sensitive, — 
especially to low doses of the hormone, and tended to exhibit a marked mise 
in serum inorganic phosphorus in control experiments in which no hormone 


al 
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was given. ‘The reason for these differences is not clear, but on the basis 
of changes in the behavior of rats of the same strain in other experimental 
work being carried on in the laboratory at the time it is suspected that 
alterations of the ration due to wartime conditions may have been 
responsible. 

Effects of Parathyroid Hormone on Serum Inorganic Phosphorus in the 
Rai «Tab’e I summarizes observations made upon six series of fed rats: 
three sets of control animals given injections of 1 ml. of 0.9 per cent sodium 
chloride solution, and three others given 50 units of parathyroid hormone 


I 
Effect of Parathyroid Hormone on Serum Inorganic Phosphorus of Fed and Fasted Rats 


| | 
| 


Serum inorganic phosphorus, mg. per cent 


Initial 


State | Dose | Route of injection | initial 


thr. | 2hes. | 3hes. | 4 hes. | 5 hrs. 


Group I 
4 | Fed 0 Subcutaneous 8.40 +0.65 +1.32 41.47 
50 9.23 |—1.18 ~1.45 —1.72 
Group II 
3 | Fed 0 | Subcutaneous | 9.72 —0.67 -0.45 —0.79 
18 0 | 9.28 | 
| | +0.14 
16 5O 9.15 : —1.73 
| | +£0.11 
2 | Fasted | 0 | ce 8.17 |+0.60 +0.08 +0.17 
9 8.12 |—0.46 —0.06 —0.01 
| | | | +0.19 
4 ‘ 50 Intraperitoneal 8.07 +0.42 +0.82) +1.11 


subcutaneously. Serum inorganic phosphorus was determined initially, 
and either hourly for 3 hours after the injection or only at the 3rd hour. 


Similar observations were made upon three series of rats fasted for 24 hours, 
and the effects of intraperitoneal injection of 50 units of the hormone were 
studied in a small group of four rats. 

The expectation that a 24 hour fast might lead to more consistent re- 
sponses to the parathyroid hormone was not realized. ‘The responses were 
irregular, small, and transitory. Intraperitoneal injection of the hormone 
into fasted rats produced a modest fall followed by a sustained rise in serum 
inorganic phosphorus during the next 4 hours. Fasted rats seemed, from 


4 
wil 
4 
4 
a 
| 
| 
iy 
‘ge 
A 
ay 
ag 
Fe 
* 
§ 


154 ESTIMATION OF PARATHYROID HORMONE 


these observations, to be less suitable for estimating parathyroid activity 
than fed rats. The differences in the responses are interesting and sug- 
gestive, but their detailed study was not relevant to this work, and it was 
therefore deferred. 

In the fed control animals the serum inorganic phosphorus rose (Group I) 


TaBLe II 


Effect of Graded Doses of Parathyroid Hormone, 3 Hours after Subcutaneous Injection, 
on Serum Inorganic Phosphorus of Fed Rats 


Serum inorganic phosphorus, mg. per cent 


Dose No. of 
| Mean initial | Mean fall 
Group I 
12.5 1.0969 5 8.52 -0.51 —0.20° 
25 1.3979 | 21 8.98 0.94 1.02 
50 | 1.6990 | 129 | 9.26 1.18 1.12 
100 2.0000 1.74 1.72 
Group II 
2.5 | 1.000 | 2 9.35 | -0.70 | 
25 1.3979 36 9.06 1.04 1.09 
50 1.6990 | 121 9.16 1.65 1.64 
100 | 2.0000 | 22 9.00 1.84 1.91 


Relevant statistics for relation between the adjusted fall in serum inorganic 
phosphorus (y) and the log dose of parathyroid hormone (z): 


# £41.6070 Reduced [y?] = 71.1120 

#£«1.4478 = (0.3592, n = 198 
{z?] = 12.2394 V(a,) = 0.001769 
[ry] = 19.2574 Vib) = 0.02934 

[y?] = 102.3323 V(b) /b? = 0.01185 


b, = 1.5734 Curvature (mean square) 0.4604,» = 2, F 1.282 


Standard curve (adjusted for w = 9.15 : Y = 1.4478 + 1.5734 (2 — 1.6070). 
* The values in bold-faced type were obtained by adjusting al! responses to the 
same initial level, 9.15 mg. per cent. 


or fell slightly (Group II) during the 3 hours after injection. In the fed 
animals given 50 units of parathyroid hormone there was a large and fairly 
rs consistent fall in serum inorganic phosphorus 3 hours after the injection in 
t) both groups. A few observations not recorded in Table I showed that the 
i effect had reached its maximum by the 3rd hour. 
a The relation between the amount of parathyroid hormone injected and 
r the change in serum inorganic phosphorus occurring 3 hours after the 
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injection was determined in two groups of fed rats. The data are summar- 
ised in Table II and Fig. 1. In Group I a satisfactory relationship between 
the log dose of hormone (in units) and fall in serum inorganic phosphorus 
(in mg. per cent) was not obtained. When the observations were repeated | 
2 years later with adequate numbers of animals, a good linear relationship 
was obtained between the log dose of hormone and fall in serum inorganic 

orus over the whole range between 12.5 and 100 units. Table II 


| gives the data for the initial observations (Group II) which were used for 


: 


i i i 


2 4 16 1.8 2.0 
LOG DOSE (UNITS) 


ADJUSTED FALL IN SERUM INORGANIC P(MG.PERCENT) 


Fic. 1. Dose-response curve for parathyroid extract in terms of fall in serum inor- 
ganic phosphorus (adjusted to constant initial level), in mg. per cent (y) against the 
logarithm of the dose, in units (rz). Formula of regression line, y = 1.4478 + 1.5734 
(t — 1.6070). 


subsequent estimations of ihe activity of preparations of the hormone (6) 
plus the extended observations made in the course of additional checks on 
the responses of the animals. No significant differences (such as those 
observed between Groups I and II) appeared between these two portions. 

The preponderance of observations on the response to 50 units of the 
hormone is the result of a routine practice of testing all new rats before they 
were used in the estimation of unknown parathyroid hormone preparations, 


_ Since in the preliminary work it was found that some rats fail to respond to 


the hormone. No animal was used if its serum inorganic phosphorus fell 
by less than 0.5 mg. per cent in response to 50 units of the hormone. These 
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data also provided an opportunity for examining the relation between the 
initial level of serum inorganic phosphorus (which tended to be variable) 
and the fall in response to 50 units of the hormone. Since there seemed to 


Ill 
Regressions within Each Dose of Initial Level of Serum Inorganic Phosphorus on 
Fall in Serum Inorganic Phosphorus in Response to Parathyroid Hormone 
The initial level (w), in mg. per cent, is coded, 7 having been subtracted from each 
observed value; fall (y), in mg. per cent. 


Doses of parathyroid hormone 

12.5 units 25 units 50 units 100 units aaa 
S(w) 56.40 74.05 | 261.25 43.99 435.69 
S(w?) 141.1638 170.0363 643.5147 95.4277 1050. 1425 
S(y?) 57.0267 387.9908 87.7778 551.9287 
S(wy) 43.2001 87.7392 465.5617 87.1292 683.6302 
| §.6238 | 17.7196 | 79.4522 7.4677 113.2633 
f | 24 | 36 | 121 22 203 
[wy] «8.6261 10.8300 35.2549 6.387 56 0986 
| 18. 1930 50.722: 13.6622 98. 8048 
b 0.4205 0.6112 0.4437 O.8554 
Reduced [y?] 5.7925 11.5737 44.0797 +. 1982 69.6441 
s? 0.2633 0.3404 0.3704 0.4099 
n 22 34 119 20) 
Adjusted (for 5.8472 11.7929 44.3304 0.1415 71.1120 


= 0.5) 


Combined values: [w?), = 113.2633; [iey)]. = 56.0986; b. = 0.4953; V(b.) = 0.003153; 
w. = 2.15 + 0.05. 

Observed values of y may be adjusted to the same initial level by applying the 
equation, ¥a = yo — 0.5 (w, — 9.15). 


Tasie IV 


Analysis of Variance of Data of Table IIT to Determine Significance of Differences 
between Slopes at Each Dose Level 


Source of variation | Degrees of freedom | Mean square | F 
Effect of combined slope......... | | 
| 3 | 0.4884 ° 1.37 
Deviations from individual slopes.. 105 0.3571 - 


F = 0.4884/0.3571 = 1.37 (F for 5 per cent level of significance = 2.65). 


be a significant relation between these quantities at 50 units, the data of 
Group II were examined in detail for this effect at each dose level. 

Table III presents the data from the 203 observations of Group II for 
the regressions within each dose of fall in serum inorganic phosphorus (y, 
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in mg. per cent) on initial level (w, in mg. per cent), and in Table IV an 
analysis of variance for estimating the significance of the differences bet ween 
slopes is presented. An effect of initial level upon fall was seen at each dose 
level, and the analysis presented in Table IV showed that the differences in 
slopes (b) for the different doses were not significant, so that the effect was 
substantially the same at each dose level. It was therefore possible to 
calculate a combined slope (b.) which could be used to adjust the observed 
values of the fall in serum inorganic phosphorus to the values they would 
have if the initial level were the same in each instance. This was done by 
means of the equation, 74 = y. — b.(w — @), where y, is the observed, and 
ye is the adjusted fall in serum inorganic phosphorus (in mg. per cent), 
b. is the combined slope of the regression of initial level on fall, w is the 
observed initial level of serum inorganic phosphorus (in mg. per cent), and 
@ is the mean initial level observed for the 203 observations of Group IT. 
The combined slope, b., is 0.4953 + 0.0561. No serious error is introduced 
if the value 0.5 is taken for convenience. The value of @, from Table ITT, 
is 9.15 mg. per cent. 

Before the regression of fall in serum inorganic phosphorus on the log 
dose of hormone was calculated, all of the values were adjusted to the same 
initial level of serum inorganic phosphorus by means of the relation set 
forth in the foregoing paragraph. ‘This has the effect of eliminating 
errors due to variation in the initial levels of serum inorganie phosphorus, 
and brings about a corresponding reduction in the errors of the estimates of 
relative potency of unknown parathyroid preparations. 

Estimation of Relative Potency of Parathyroid Hormone Preparations. 
Short Procedure with Predetermined Standard Dose-Response Curve-——The 
preparation to be tested is given to six animals at two dose levels selected so 
that as nearly as possible the responses will be restricted to the central 
portion of the standard curve. The doses of the unknown (measured in mg. 
of nitrogen) are put into the same terms as the standard by converting them 
to their logarithmic equivalents in U.S. P. units on the basis of 100 units 
per mg. of nitrogen (which is the average potency of the commercial 
preparation used as a standard). ‘The fall in serum inorganic phosphorus 
3 hours aftew the injection is determined in each of the six rats and is cor- 
rected to the initial preinjection level of 9.15 mg. per cent, as deseribed in 
the foregoing section. The log ratio of the potencies of the unknown and 
the standard is then calculated by the standard procedure modified for the 
use of a predetermined standard dose-response curve. These operations 
are illustrated in detail in a representative estimation made upon a pre- 
paration obtained in the course of work on the isolation of the parathyroid 


' Bliss, C. I., personal communication. 
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hormone ((6) Table I, B acid, acetone Fraction D1). The experimental 
data and the derived statistics are presented in Table V. 

If the unknown sample produces the same biological response as the 
standard, a plot of the responses to the unknown should yield a line sub- 
stantially parallel to the standard line, so that a combined slope will fit 
both sets of observations. On the log dose scale the horizontal distance 
between the two parallel lines is the log ratio of the potencies, 17, which 
may be calculated from the equation 


(1) 


TaBLe V 


Data for Estimation of Potency of Unknown Parathyroid Hormone Preparation by 
Method of Comparison with Predetermined Dose-Response Curve 


Serum inorganic phosphorus, mg. per cent | 
Rat No. Dose a a 
Initial Fall Adjusted fall, y ' 
mg. of N log wnits, x 
97 0.2 1.3010 8.586 0.56 0.915 BS 
98 0.2 1.3010 9.66 1.66 1.405 ( 
99 0.2 1.3010 9.37 1.37 1.260 
100 0.5 1.6990 10.51 3.15 2.470 : 
101 0.5 1.6990 9.95 2.31 1.910 
102 0.5 1.6990 8.95 1.87 1.970 
Derived statistics, number of observations (NV) = 6. ti 
S(z), log dose (units) = 9.0000 [zy] = S(ry) — #.S(y) = 0.55123 
S(z?) = 13.7376 b = [ry]/[z?] = 2.320 y 
S(y), fall (adjusted) = 9.930 Reduced [y?] = [y?] — b{ry] = 0.31575 
S(y?) = 18.02875 Adjusted [y*] = b,*{z*] — 2b.{zy] + [y*l, 
S(zry) = 15.44623 = 0.4483 
#,, mean log dose = 1.5000 s*? = adjusted [y*]/(N — 1) = 0.08966 
ju, mean adjusted fall = 1.6550 V(a,) = s?/N = 0.01494 a 
[x2] = S(z?) — #,S(xr) = 0.2376 b, = slope of standard dose-response 
[y?] = S(y*) — g.S(y) = 1.59460 curve = 1.57 
Expected Y = 1.2794 at X = 1.500, M = 0.2387 + 0.0834. e r 
in which Z, is the mean log dose for the standard, #, that for the unknown of 
gy. is the mean response to the standard, 9, that to the unknown, and }, is = 
a the slope of the standard dose-response curve. The standard error of M, " 
# Sy, is estimated by the equation 
— g,)*V(b,) ur 


tu = Via.) + V(a.) + 
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in which \'(a,,) and V(a,) are the variances of the mean response of unknown 
and standard respectively about the parallel dose-response curves, V'(b,) 
is the variance of the slope of the standard dose-response curve, and the 
other terms have the same significance as in equation (1). The standard 
error of the relative potency may be computed directly, when sy is small, 


by 


s.n. of relative potency = 2.303 sy (100 antilog M) (3) 


The values for #,, j., b., V(a,), and V(b,)//b,2, computed from the data for 
the standard curve, are presented in Table II. The correction for the use 
of the predetermined dose-response curve involves, first, testing to see 
whether the slope of the curve of the responses for the unknowns is not 
significantly different from the slope of the standard dose-response curve. 
In the example cited, the slope for the unknowns is 2.32, and its standard 
error is +0.58; it is clearly not significantly different from the predeter- 
mined slope, 1.57. The correction may therefore be applied by making an 
estimate of [7°] not as usual in terms of the sum of the squares of the dis- 
tances of the observed y from the regression line for the experimental 
points, but in terms of the sum of the squares of the distances of the 
observed 1 from that line rotated around its mid-point to make its slope the 
same as that of the standard curve. This is done by means of the equation 


Adjusted [y*] = b,*%(z*] — 2b,[zy] + 


where b, is the slope of the standard curve. The adjusted [y*] is then used 
to calculate s,? and to estimate V (a,). 
Substitution of the relevant figures from Tables II and V in equation (1) 


yields 


1.6550 — 1.4497 


M = 1.607 — 1.500 + . = 0.2378 
and, from equation (2), 
su = V0.01507 + 0.0017 + (1.655 — 1.4497)9(0.0118) 


1.57 


The estimated value of M + 8,y is therefore 0.2378 + 0.0836. The potency 
of the unknown, in per cent of the standard, is found by multiplying 
antilog JJ by 100: 1.73 XK 100 173 per cent. From equation (3) the 
error of the estimate is (2.303) (0.0836) (173) = +33 per cent. On the 
basis of the standard preparation assaying 100 U. S. P. units per mg. of 
nitrogen, the estimated potency of the unknown is therefore 173 + 33 
units per mg. of nitrogen. 

This is fairly representative of the results obtainable in the routine use of 
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the method for thé estimation of parathyroid activity in numerous frae- 
tions obtained during the isolation and partial purification of the para- 
thyroid hormone (6). In the example cited, the slope of the regression 
line of the observed points deviated rather more than usual from the slope 
of the standard curve, and the error of the estimate is correspondingly 
large. It is realized that the errors of the method are appreciable, and that 
the method cannot be relied upon to detect small differences in relative 
potency. But since even the best of contemporary parathyroid hormone 
preparations are crude, large increases in potency may still be anticipated 
in the course of purification, and the method can be relied upon to detect 
such increases. 

Estimation of Parathyroid Activity with Standard and l nknown Prepara- 
tions Employed in Parallel—Bliss and Rose (4) have shown that by the | 
application of proper experimental designs, the ‘‘Latin square” arrange- 
ment or the simpler “‘symmetrical pairs’ method of Yates, the assay of 
parathyroid hormone by the dog serum calcium method can be improved. 
Such designs, correctly applied, increase the precision of the estimates by 
segregating differences due to animals, days, ete., and may vield informa- 
tion leading to improvement in the assay itself. Such an instance is the 
discovery by Bliss and Rose that the final level of serum calcium in the dog 
provides as good a measure of the effect of parathyroid hormone as the 
increase in serum calcium. Alternatively, these designs may provide 
greater insight into the mechanism of the biological activity that is being 
studied. 

In order to see how well the rat serum inorganic phosphorus method - 
compares with the dog serum calcium method in a more rigorous experi- 
mental design, a single trial assay by the svmmetrical pairs method of 
Yates was undertaken. As the design was applied, each rat was injected 
at an interval of 5 days, once with one treatment and once with another. 
Four treatments were used, U,, U., 8,, 8., the letters U and 3S referring to 
unknown and standard, and the subscripts | and 2 to the different doses. 
In this instance, the unknown was the standard itself in the same dilution. 
Each treatment was paired equally often with every other, so that six 
rats were required to cover all possible combinations. Because of the 
interval bet ween successive treatments, each pair of treatments was applied 
at the same time in reverse order to six additional rats. 

The data for the complete set of twelve rats, tested as described, are | 
presented in Table VI. The statistical calculations were carried out so as 
to recover interpair information, as described by Bliss (7), and will not be 
presented in detail. The calculations were made in terms of the fall from 
the initial level of serum inorganic phosphorus, and the adjustment for 
4 differences in the initial level was determined by covariance. Differences 
i in body weight were not adjusted. 
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Taste VI 


Data on Responses of One Set of Twelve Rats to Parathyroid Hormone in Yates 
Summetrical Pairs Assay 
Doses, 25 Po units (U, and and SOUS. P. unite (CU. and S.); volume of 
injection in each instance, mi. 


Treatment Serum inorganic phosphorus, mg. per cent 
Me. | ict period, | 2nd period Body weight Initial Fall from initial i 
pane 33 yume June 25 June June 25 June June 25 
l U,; | Us 198 212 8.06 8.32 0.35 | 1.79 
2 & | | 9.37 7.82 1.25 | 0.29 
3 200 204 860 S18 0.66 1.75 
4 U, 9.06 | 7.19 1.87 | 0.71 
5 9.37 | 8.80 2.01 | 2.11 
6 | | 0.0 | 9.72 | 
| 196 25 | 10.10 | 9.01 | 1.24 | 0.58 
ll we. ha 208 | 10.01 | 9.52 | 1.95 | 2.16 
200 | 220 | 9.65 | 9.82 | 2.01 | 0.78 
Taste VII 


Analysis of Variance in Parathyroid Assay Based on Fall in Serum Inorganic 
Phosphorus in Rat (Yates) (Symmetrical Pairs, Analyzed to Seqgregate Interrat 


Error) 
Variation due to | Degrees of freedom | Sum of squares | Mean square 
Rats, from replicated rows... 6 | 0.7805 0.1301 
Doses, ignoring groups. . 3 6.2409 | 
Grouping, dose. | 5 0.3085 0.0607 
Intragroup error. | s 1.1090 | 0.1386 = s, 
23 | 8.6799 | 


Treatment effects: 
(1) Differences between S and U = 7, = —0.75 
(2) = due to doses (slope) = 7, = 12.19 
(3) parallels = 7. = 0.79 
“Just significant difference’? = = (approximately) 4.206 = 0.05; ¢ = 2.306) 
Log interval between doses = i = 0.5052 
“ ratio of potencies = i 7,/7T, = 1.9689 
Confidence limits (P = 0.05), yay 
x, +72 — ct) +0.1509 
L = — 


— e) 1.7786 
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A summary of the results of the analysis is presented in Table VII. 
It is seen that in this experiment the error between rats (grouping, eliminat- 
ing dose, 0.0607) is smaller than the error within rats (intragroup error, 
0.1386). Thus no adjustment of the treatment effects for interrat error is 
necessary, and the error variance for intrarat error, s° = 0.1386, is used 
directly in the subsequent calculations. This result is unexpected, and, 
since it might not occur in additional trials, it is probably advisable to 
continue segregating the interrat error as a safeguard in future experiments. 
In the analysis of covariance for the effect of differences in initial level 
of serum inorganic phosphorus it was found that adjustment for differences 
in initial level had little effect on the intrarat error but diminished the inter- 
rat error significantly. If this proved to be a consistent effect in additional 
experiments, an adjustment for interrat error might be made unnecessary 
by calculating the results in terms of the responses adjusted to the same 
initial level of serum inorganic phosphorus, just as it was done for the 
standard dose-response curve described in the foregoing section. In this 
experiment, however, the slope of the regression of initial level on fall was 
().2 rather than 0.5, the value found for the observations on the standard 
dose-response curve. If an adjustment for variations in initial level is to 
: be made in experiments in this design, it may be necessary to determine the 
effects of the procedure on the relation between initial level and fall. 

The significance of the treatment effects may be assessed by comparing 
them with the “just significant difference,” c, calculated from the relation, 
c? = 24s, @, in which ¢ is the value, derived from Fisher’s (8) table of ¢, 
for P = 0.05 and for the number of degrees of freedom for s,°. (This value 
of c may be approximate rather than exact.) The treatment effects for 
differences in potency between the standard and the unknown (77), for 
parallelism of the standard and unknown dose-response curves (7), and 
for the slopes of the dose-response curves, i.e. for the effect of the differ- 
ence in dose levels (7), are calculated by a factorial analysis of the data, 
as described by Bliss (7). Since there was no difference between the 
standard and the unknown, 7’, should be very much smaller than c¢. If 
the regression lines relating dose and response are substantially parallel, T, 
should be smaller than c. If the assay has properly discriminated differ- 
ences in dose levels, 7, should be very much larger than c. Table VII 
shows that these conditions are fulfilled, and the assay is therefore valid. 

The estimate of the log ratio of the potencies, 1.9689, indicates that the 
potency of the unknown is 93.1 per cent of that of the standard. It is in 
satisfactory agreement with the known identity of the unknown and the 
standard. The confidence limits (9), X,, of 0.1509 and 1.7786 indicate 
that, in a series of repetitions of the assay, only 1 in 20 would yield an 
estimate of relative potency lying outside the limits of 142 and 60 per cent. 
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These limits may, of course, be narrowed by replicetion of the experiment. 
In a similar experiment with the dog serum calcium method, with three 
sets of twelve dogs (4, 8), the estimate of relative potency for an unknown 
identical with the standard was 120.4 per cent, with confidence limits at 
P = 0.05 of 95 and 160 per cent. The data of the rat experiment suggest 
that with three sets of twelve rats as good or better estimates might be 
achieved. 
DISCUSSION 

The work described in this paper was undertaken in order to devise a 
suitable method for use in work on the isolation and purification of the 
parathyroid hormone. Although the serum inorganic phosphorus is a 
variable easily susceptible to a number of influences, the evidence presented 
above indicates that in the fed male white rat changes in the level of serum 
inorganic phosphorus occurring in a short time after the subcutaneous 
injection of parathyroid hormone are sufficiently consistent to provide 
reasonably accurate estimates of the amount of hormone injected. The 
method with six rats at two dose levels against a predetermined standard 
dose-response curve was at first employed in a form relating percentage 
fall in serum inorganic phosphorus to log dose of hormone. This procedure 
was abandoned as unsuitable after the analysis of the relation between 
initial level and fall in serum inorganic phosphorus showed that the effect of 
variations in initial level could be eliminated by adjusting the observed 
falls to a constant initial level, and the absolute fall (adjusted) was there- 
fore used as the measure of the response. The estimate of relative potency 
of the preparation described in Table V, based upon the percentage fall in 
serum inorganic phosphorus, was 1 = 0.3120 + 0.1236 (205 + 58 per 
cent), as compared with the estimate, based on adjusted fall, of 0.2378 + 
0.0836 (173 + 33 per cent). There is no great difference in the value for 
relative potency, but in the second instance the error of the estimate is 
considerably reduced. 

The variability of the responses are such that an estimation with a small 
number of animals and a predetermined dose-response curve can be relied 
upon only to distinguish fairly large differences in relative potency between 
different parathyroid hormone preparations. Such a method, however, 
is immensely useful in following the major steps of purification in the prep- 
aration of the hormone. It offers all the advantages over the dog serum 
calcium method which were cited in the introduction to this paper. In 
addition, it may offer more reliable estimates of relative potency, since the 
dog serum calcium method, as it has been employed by most investigators, 
is based on the assumption that the response is directly proportional to the 
dose rather than to the logarithm of the dose (3), and this is likely to increase 
the uncertainty of the estimates of parathyroid activity. 
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The trial of the Yates symmetrical pairs design shows that the rat serum 
inorganic phosphorus method is suitable for the proper assay of the para- 
thyroid hormone and is comparable in performance with the dog serum 
calcium method, as used by Bliss and Rose (4) and by Bliss (7). The data 
of this experiment were at first analyzed by the original procedure of Yates, 
as described by Bliss and Rose (4), with results that compared well with 
theirs. The recent development of a method for segregating interpair 
information (7) made it seem desirable to apply this method to these data. 
The information gained on the relation between intrapair and interpair 
error indicates that, if further trial of the design shows this relation to be 
consistent, a procedure in a simpler design may be adopted which, because 
of its ease of replication, may lead to a considerable reduction in the errors 
of the estimates of relative potency. Even in its present form, however, 
the assay, which can easily be carried out by a single experienced person, 
may be most useful in the final critical stages of purification as well as in 
the routine standardization of the parathyroid hormone. 

It is realized that the method in its present form is as yet imperfect. 
If, as is suspected, the differences in behavior of the rats in Groups I and 
II are due to differences in the ration, it is possible that a careful study of 
the effects of the composition of the diet on the response to the hormone may 
lead to the discovery of conditions in which the sensitivity of the animals 
and the uniformity of their responses to the hormone can be greatly in- 
creased. Such a study may also throw light upon another characteristic of 

) the rats used in this investigation, the high levels of serum inorganic 

phosphorus both in the fed and in the fasted state. These values were at 
first regarded with suspicion, and the method was carefully checked and 
rechecked several times in the course of the investigation. No technical 
errors were discovered, and the observed values were consistently obtained 
in the more than 350 rats used in this study. ‘This may be a property of the 
strain of rats used. If so, it is possible that this “hypoparathyroid” 
characteristic of the rat is essential to the success of the method. 


The authors are glad to acknowledge their gratitude to Dr. C. I. Bliss, 
of the Connecticut Agricultural Experiment Station, for his generously 
given advice and criticism on the statistical problems arising in this work. 


SUMMARY 


- Evidence is presented to show that the subcutaneous injection of para- 
: thyroid hormone into male albino rats in the fed (postabsorptive) state 
| produces in 3 hours a fall in serum inorganic phosphorus which is directly 
proportional to the logarithm of the dose of hormone administered (in 
U. S. P. units). This relation can be used to establish a standard dose- 
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response curve with which it is possible to carry out simple and rapid 
estimations of parathyroid activity in preparations derived in the course of 
chemical work on the isolation and purification of the hormone. 

An example is given of an assay employing twelve rats in a more rigorous 
experimental design, the symmetrical pairs design of Yates, which demon- 
strates that the rat serum inorganic phosphorus method is comparable in 
reliability and accuracy with the dog serum calcium method, employed in 
the same design, for the estimation of parathyroid hormone activity. 
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A NEW PREPARATION OF THE PARATHYROID HORMONE* 


By MAURICE V. L’HEUREUX,t HELEN M. TEPPERMAN,$ 
ALFRED E. WILHELMI 


(From the Deparment of Physiological Chemistry, Yale University, New Haven) 
(Received for publication, December 11, 1946) 


The first successful attempt to obtain more active preparations of the 
parathyroid hormone than those described by Collip and Clark (1) was 
reported by Ross and Wood (2) in 1942. Their method was based upon an 
extraction of beef parathyroid glands with hot dilute acid, followed by 
fractionation of the extract with alcohol and then with ammonium sulfate, 
and adsorption of the active principle onto benzoic acid. They obtained a 
series of preparations with a “nitrogen potency,” activity in U. S. P. 
units per mg. of nitrogen, of 200 to 300, 2 to 3 times as active as the best 
preparations of Collip and Clark. This paper is a report upon another 
method of securing parathyroid hormone preparations of nitrogen potency 
20 to 300 in decidedly greater vields than those achieved by Ross and 
Wood. 

The new method has three principal steps: (1) preparation of a dry, 
relatively fat-free gland powder; (2) extraction of the gland powder with 
warm dilute hydrochloric acid; (3) fractionation of the cleared extract with 
acetone. The procedure yields about 10,000 units per 100 gm. of fresh 
glands, several times the quantities obtained by previous methods. The 
activity of the preparations was in each instance estimated by their effect 
on the serum phosphorus of the rat, as described in the foregoing paper (3). 


EXPERIMENTAL 


Materials and General Methods—Fresh frozen beef parathyroid glands 
were stored in a freezer and worked up in small lots as required. U.S. P. 
setone and chloroform were used in the defatting of the glands. The 
acetone used in the fractionations was carefully redistilled. Nitrogen was 
determined by the micro-Kjeldahl method. The potency of most of the 
fractions was tested on groups of six rats at two different dose levels, as 


* The data forming the basis of this paper were taken from the dissertations sub- 
uitted by Helen Murphy Tepperman and Maurice V. L’Heureux in partial fulfilment 
d the requirements for the degree of Doctor of Philosophy, Yale University, 1942 and 
IM4, respectively. 

t Present address, Department of Biological Chemistry, Loyola University School 
Medicine, Chicago, Illinois. 

$ Present address, Department of Pharmacology, School of Medicine, Syracuse 
University, Syracuse, New York. 
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described for the short method of estimation of parathyroid activity in the 
foregoing paper (3). 

Isolation of Active Material (\) Preparation of gland powder. The 
frozen glands are thawed out and ground to a coarse pulp by passing them 
live times through a meat grinder. ‘The pulp is mixed with coarsely ground 
solid carbon dioxide and refrozen. This material is passed through a 
mechanical grinder (Straub), previously chilled with dry ice, first with a 
coarse setting of the cutting plate and again with a fine plate setting. 
After the solid carbon dioxide has evaporated from the powder in the cold, 
the ground tissue is suspended in acetone (250 ml. per 100 gm. of fresh 
glands) for 10 minutes and filtered by suction. This treatment is repeated 
with one-half the amount of acetone. The residue is then stirred with 
chloroform (200 ml. per 100 gm. of fresh glands) for 20 minutes and filtered 
by suction. The treatment is repeated with one-third the amount of 
chloroform. The tissue powder is rinsed with a little acetone and dried 
inanairstream. The material may be extracted immediately or preserved 
in the cold until required. It appears to retain its activity for at least 
several months. 

(2) Hydrochloric acid extraction. The gland powder is suspended in 
warm (40°) 0.2 ~ hydrochloric acid (10 ml. per gm. of powder). The 
mixture is heated to 70-80° in a water bath for 5 minutes, after which the 
bath is removed and the extraction is continued for 2 hours. Efficient 
mechanical stirring is maintained throughout the entire process. The 
mixture is centrifuged for 45 minutes at 1500 r.P.m., and the opaque super- 
natant liquid is decanted. The residue is washed repeatedly on the centri- 
fuge with small lots of distilled water until the volume of the combined 
supernatant liquids totals 1.5 times that of the 0.2 ~ hydrochloric acid 
used in the extraction. The extract is cleared of fat and tissue particles 
by filtration through a pad of filter paper pulp with the aid of a little 
suction. A water-clear or slightly opalescent solution is thus obtained. 

(3) Fractionation with acetone. 4 volumes of acetone are stirred 
into the combined extract and washings (acid to Congo red). A precipitate 
flocculates and settles rapidly. After the mixture has stood for 2 hours in 
the cold, it is filtered through a Bichner funnel. The precipitate is washed 
with 80 per cent acid acetone (acid to Congo red) and discarded. The 
washings are added to the filtrate. When the filtrate is carefully neutral- 
ized to litmus with 2 N sodium hydroxide, a precipitate forms. Precipita- 
tion is completed by increasing the acetone concentration of the mixture to 
86 per cent by volume. The precipitate is allowed to settle overnight in 
the cold, is collected at the centrifuge, washed three times with anhydrous 
acetone, and dried over sulfuric acid in a vacuum desiccator in the cold. 

The details of one preparation are summarized in Table I, A. The 
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activity of the cleared extract was estimated upon suitable amounts of a 
lyophilized 10 ml. aliquot. Since the material insoluble in 80 per cent acid 
acetone appeared to be inert (early trials showed that it was inactive at 
dose levels of 5 mg. of nitrogen), no estimations were made on this fraction. 
The material remaining in solution in neutral 86 per cent acetone was 


Tasie | 
Extraction of Parathyroid Powder 
Fraction Yield | Nitrogen | ——— | = 
A. Typical extraction of parathyroid gland powdert 
sm. | perce | gm. 

HCl extract, 10 ml. aliquot O17 13.0 0.019 362 9 | 41,050 
%% neutral acetone ppt. 1.719 | 12.1 0.208 | 209+ 64 | 43,450 
Residue 0.557 | 1.7 | 0.009 


B. Summary of results of acetone fractionation of acid extracts of gland powder 


HC! extract D3 | | 0.3653 28+ 12 | 10,200f 

D6 0.441¢ | 76+ 17 | 33,500t 

9% acid acetone ppt. D1 0.028 1734 33 4,850t 
D2 0.0363 | 36 6, 500} 

D3 0.036$ | 311+ 75 | 11,200$ 

%% neutral acetone ppt. D3§ 0.005 | 239+ 35 1, 2003 
D4 0.0653 | 209+ 64 | 13,6003 

D6 0.053$ | 560 + 144 | 29,680f 


C. Fractionation of crude parathyroid preparation (Ross) 


Starting material 19.5 | 12.8 | 2.496 | 52+ 15 | 129,800 
%% neutral acetone ppt. 8.5 | 14.4 1.224 | 184+ 47 | 225,200 
Same, retested 30 days later | | 109 + 20 | 133,400 


* Potency in U.S. P. units per mg. of nitrogen. 

t Extraction D4, 28.5 gm. of parathyroid gland powder (equivalent to 318 gm. 
of fresh glands); final volume of cleared extract, 600 ml. 

t Yield in gm. of nitrogen, and total units, expressed per 100 gm. of fresh glands. 

§ Bulk of active material removed in 9 per cent acid acetone precipitate. 


recovered by distilling off the acetone under reduced pressure, dialyzing the 
aqueous solution against distilled water in the refrigerator, and lyophilizing 
the neutral dialyzed solution. The residue contained a little nitrogen 
accompanied by some non-nitrogenous, non-dialyzable material. In two 
estimations, the nitrogen potency of this fraction was found to be 129 + 31 
and 126 + 30 units. No considerable amount of active material is there- 
fore lost in the residue. 
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Table I, B summarizes data from five preparations made in the course 
of developing the procedure. In each instance a large amount of inert 
material was precipitated from 80 per cent acid acetone solutions of the 
extracts. Most of the active material could be precipitated from acid 
solution by raising the acetone concentration to 90 per cent, but the 
recovery of activity was more complete if the 80 per cent acid acetone solu- 
tion was first neutralized and then brought to 86 to 90 per cent of acetone. 
Table I shows in the estimates of total activity in the hydrochloric acid 
extract and in the estimates made upon the active fractions that the 
procedure brings about a 7- to 10-fold increase in activity with little or no 
loss, and that the total yields are of the order of 10,000 units per 100 gm. of 
fresh glands. 

At a time when fresh parathyroid glands were unobtainable, we were 
provided with 810 gm. of a dried beef parathyroid gland powder which 
had been prepared as follows: 10 pounds of fresh beef parathyroid glands 
were ground through an Enterprise grinder into 16 liters of acetone. The 
mixture was stirred for an hour, filtered, and stirred for an hour twice with 
4 liters of acetone. The tissue was then stirred for an hour twice with 4 
liters of ether, the first mixture being allowed to stand overnight. The 
tissue was filtered off, dried in air, and ground through a corn mill. Three 
lots of 90, 72, and 54 gm. of this material were extracted with dilute acid 
and fractionated with acetone, as described above. No highly active 
fractions were obtained. The indicated nitrogen potency of the best acid 
extract was less than 10 units, and that of the 90 per cent neutral acetone 
precipitates was only 30 to 40 units. These failures must be reported 
without an adequate explanation. The amounts of nitrogen extracted and 
the partition of nitrogen between the acid and neutral acetone fractions 
were not very different from those observed in the earlier preparations. 
It may be pointed out that in our procedure the defatting of the glands is 
less thorough and is carried out in the cold, and the final grinding is done at 
low temperature. It is possible that dry grinding at room temperature 
denatures and destroys the activity of the material 

This disturbing experience led us to repeat our procedure on a small 
batch of 175 gm. of fresh frozen beef parathyroid glands that had been held 
in reserve. This was Preparation D6 (Table I, B). The results were 
satisfactory and were not inconsistent with those of the earlier preparations, 
although the estimates of potency both of the extract and of the neutral 
acetone fraction were higher than usual. In these estimations the rats 
used had somewhat lower initial levels of serum inorganic phosphorus than 


1 We are glad to acknowledge our gratitude to Dr. Irvine H. Page and to Dr. H. W. 
Rhodehamel, of Eli Lilly and Company, for their generous efforts to help us in an 


emergency. 
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were ordinarily found. The adjustment of the observed responses to the 
same initial level as that for the observations on the standard curve (3) 
was larger than usual, and it had the effect of increasing the response in 
every instance. The errors of the estimates indicate that they do not fall 
far outside of the expected range in a series of observations. It may be 
concluded, then, that reproducible results can be obtained if the entire 
procedure of preparation and extraction is followed exactly. 

Through the generosity of Dr. William F. Ross, then of the Department 
of Biochemistry, Harvard Medical School, about 20 gm. of a crude para- 
thyroid hormone preparation were given to us. This is the starting 
material for the ammonium sulfate fractionation of Ross and Wood (2). 
Its nitrogen potency, estimated by the dog serum calcium method (4, 5), 
was stated to be about 30 units. Our estimate, with the rat serum phos- 
phorus method (3), was in fair agreement: 52 + 15 units. 19.5 gm. of 
this material were dissolved in 1300 ml. of 50 per cent acid acetone (pH 2), 
inert material was precipitated by raising the acetone concentration to 80 
per cent, and an active fraction was obtained as usual from 86 per cent 
neutral acetone. This precipitate was dissolved in dilute acid, forming a 
solution of pH 3.5, and solid ammonium sulfate was added to 0.6 satura- 
tion. The solution stood overnight in the cold. It was then centrifuged 
and the precipitate was suspended in water, thoroughly dialyzed against 
distilled water, and finally lyophilized. The results of the estimates of — 
potency on this material are presented in Table I, C. The two estimates 
of potency do not differ significantly. About one-half of the nitrogen of 
the starting material was recovered in the active fraction, and the increase 
in activity was about 2-fold. The level of nitrogen potency attained in 
this fractionation was much less than that of the similar fractions of Table 
I, B, and it is about the same as that attained by Ross and Wood (2) after 
ammonium sulfate fractionation of their starting material. Although the 
recovery of total activity in the acetone fractionation is good, the results 
suggest that material obtained by digestion of the glands in hot acid is not 
as susceptible to fractionation by acetone as the product of the mild acid 
extraction of the gland powder. 

Some General Properties of Active Fractions—The active materials ob- 
tained by the new method are light brown amorphous powders. They 
| dissolve readily in dilute acid to form clear yellow-brown solutions. Like 
the preparations of Ross and Wood, they are fairly insoluble over the 
range, pH 4.5 to 10. The active material is soluble in 80 per cent alcohol 
and in 80 per cent acid acetone, but is largely insoluble in 90 per cent acid or 
neutral acetone. The 90 per cent acid acetone precipitates contain 13 to 14 
per cent of nitrogen; the neutral acetone precipitates contain varying 
amounts of sodium chloride and the nitrogen contents are diminished 
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proportionately. The preparations gave positive biuret and negative 
Molisch tests. 

At pH 3.5 and —5-0°, ammonium sulfate in concentrations greater than 
0.22 saturated precipitated active material, but no concentration of 
activity was gained in this process and about 50 per cent of the total 
activity was lost. Attempts to secure more active fractions by isoelectric 
precipitation were only moderately successful. In one instance, 1.014 gm. 
of a 90 per cent acid acetone precipitate (Fraction D2, Table I, B) were 
dissolved in 25 ml. of water. ‘To this solution (initial pll 2.0) 0.1 mM sodium 
hydroxide was added slowly until maximum precipitation was obtained at 
pH 6.8. The mixture was centrifuged, the water-clear supernatant solu- 
tion was decanted and lyophilized, and the precipitate was washed four 
times with anhydrous acetone and dried in vacuo over sulfuric acid. The 


Tasie Il 
Isoelectric Precipitation of 90 Per Cent Acid Acetone Fraction of Parathyroid Gland 
Extract 
Fraction Amount Nitrogen | aime Le. 

900 cent gm. 
90% acid acetone fraction, D2) 1.014 14.0 0.142 IS] + 36 25, 700 
pH 6.8 ppt. 0.578 | 15.6 0.090 1624 36 | 14,600 
‘* 6.8 supernatant 0.299 | 11.3 0.034 354 + SS 12,000 


products were weighed, analyzed for nitrogen, and assayed, with the 
results shown in Table II. The recovery of total activity was good and the 
supernatant fraction, one of the most active achieved in this work, repre- 
sented about 50 per cent of the total activity. Repeated isoelectric pre- 
cipitation might have increased the yield of more highly active material, 
but, since the partition of activity was nearly equal and the more active 
fraction was still heterogeneous, this procedure was not considered an 
efficient step in the purification of the hormone. 

The electrophoretic behavior of the more active fraction from the 
isoelectric precipitation and of a 90 per cent acid acetone precipitate 
(Fraction D3, Table I, B) was studied in a Tiselius apparatus with the 
cell modification suggested by Longsworth. The protein boundaries were 
observed with the aid of the Philpot scanning device, and were photo- 
graphed at suitable time intervals. For the experiments, 2 per cent solu- 
tions of the materials in acetate buffer (0.1 m, pH 3.5, ionic strength 0.1) 
were prepared and dialyzed against the buffer for 15 hours. ‘The results 
are illustrated in Fig. 1. Both of the preparations are seen to be hetero- 
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Fic. 1. Electrophoretic patterns of the ascending boundaries in two experiments 
wth parathyroid hormone preparations. Protein concentration, 2 per cent, 
buffer, 0.1 m acetate, pH 3.5,0.1 mM sodium chloride, ionic strength 0.1; temperature 
¥;current 3 milliamperes; voltage 30 volts. A, Fraction D3, exposures (top to bot- 
tom) at 70, 120, 180, and 270 minutes; B, fraction from supernatant solution in 
inelectric precipitation (pH 6.8) exposures (top to bottom) at 0, 145, and 250 minutes. 


Fic. 2. Analytical ultracentrifugaton of crude parathyroid hormone preparation 
method of Collip and Clark). Protein concentration, 2.4 per cent in 0.1 m NaCl, 
weakly alkaline (pH 8.2). 14 mm. of fluid cell. 750 r.P.s.; final rotor temperature 
4", exposures, left to right, at 20 minute intervals. 


fMeous, containing at least two components in about equal amount. If 
he activity is associated with only one of these fractions, one might 
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expect to find in a pure (or a homogeneous) preparation a nitrogen potency 
of the order of 500 to 800 units per mg. Since the preparations were not 
homogeneous, no attempt was made to determine the electrophoretic 
mobilities accurately. A rough calculation from the present data indicates — 
that for the leading fraction «» = 4.8 X 10~* cm.’ volt sec.~', and for the 
slower component, = 3.6 X cm.? volt see.~'. 

The 2 per cent solution of Fraction D3 used above was also examined 
in a Beams air-driven analytical ultracentrifuge equipped for optical 
study by the Toepler schlieren method, as modified by Philpot. The 
solution was contained in a 14 mm. (fluid) Lucite cell in the analytical 
rotor. ‘The run was carried out for 1 hour at 300 R.P.s. (23,600g) and 
for 1 hour at 500 r.p.s. (65,400g). During the latter period the initial 
protein boundary shifted slightly, owing to cell leakage, but there were no 
signs of any sedimenting fraction. This material does not therefore appear 
to contain protein of high molecular weight (240,000 or more) such as Ross 
and Wood (2) reported in their most active preparations. 

In another experiment a 2.4 per cent solution of a preparation made by 
the classical method of Collip and Clark (1), with a nitrogen potency of 
100, was run in the analytical centrifuge for 3 hours at 750 r.p.s. (146,000g). 
Fig. 2 is a tracing of photographs of the sedimentation boundaries observed 
during the run. Two small rapidly sedimenting components and two 
principal lighter components may be seen. Of the latter, the leading 
fraction had a sedimentation constant of 11.5 Svedberg units (molecular 
weight of the order of 250,000), and the lighter component had a sedimenta- 
tion constant of 4.1 Svedberg units, indicating that its molecular weight 
lay between 60,000 and 80,000. There was also some lighter material that 

did not sediment during the run, so that at least five components were 

present in this crude preparation. The results of a partial separation of 

; this mixture by ultracentrifugation in a quantity rotor suggested that the 

activity was associated with the lighter components, which is in agreement 

with the conclusions of Ross and Wood, drawn from a similar experiment 

with their material, and with the observations cited above that no com- 

ponent of high molecular weight is present in the material prepared by the 
vs method described in this paper. ¢ 
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DISCUSSION 


This study began with a series of attempts to purify crude parathyroid 
hormone preparations made by the method of Collip and Clark (1). Am- 
} monium sulfate, lead acetate, dilute trichloroacetic acid, and acid alcohol, 
:* alone or in combination, were neither consistent nor efficient in concentrat- 
ing the active principle. In one instance, fractionation with acid acetone 
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highly active material, but the attempt could not at first be re- 
peated. ‘Phe low yields and low and variable potency of the crude prep- 
arations made them inefficient as starting materials even for an effective 
method of purification. 

The careful preparation at low temperatures of a dry fat-free gland 
powder made it possible to use milder methods of extraction which would 
lessen the chance of inactivating the hormone (6) and which would not 
alter those properties of the accompanying inert protein upon which their 
dean cut chemical separation from the active principle might depend. The 
mild extraction of the gland powder yielded a solution of high total activity, 
no longer susceptible of further fractionation by the method of Collip and 
Clark but easily fractionable, without serious losses of activity, with 
scetone. A direct extraction of the powder with acid acetone also yielded 
highly active material, but it was accompanied by a pigment most trouble- 
some to remove, so this procedure was not adopted. 

The preparations described here are similar to those of Ross and Wood 
2) in respect to their protein character, the apparent absence of carbo- 
hydrate in them, their solubility at different hydrogen ion concentrations, 
and the order of their nitrogen potency. They differ in not appearing to 
contain a component of high molecular weight and in the greater vield of 


‘getive substance per unit weight of fresh glands. 


This material was not more thoroughly characterized because, as the 
dectrophoresis experiments showed, it is heterogeneous, and the true 
properties of the hormone are therefore still in doubt. This simple method, 
however, improves the opportunities for purification, and it is hoped that 
it will contribute toward the isolation and proper characterization of the 
pure parathyroid hormone. 


SUMMARY 


A simple method of making parathyroid hormone preparations is de- 
«ribed. It comprises (1) the preparation at low temperatures of a dry, 
lat-free gland powder; (2) a gentle extraction with dilute hydrochloric 
wid; (3) fractionation of the extract in two steps, with acid and neutral 
wetone. The procedure yields material of potency 200 to 300 U. S. P. 
mits per mg. of nitrogen in quantities of 10,000 or more units per 100 gm. 
fresh glands. 

Some of the properties of the preparation are described. Electrophoresis 
hows it to be heterogeneous, containing at least two components. Ultra- 
tntrifugal analysis shows that no substance of high molecular weight is 
present. 
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THE MECHANISM OF ACTION OF THE ANTIFATTY LIVER 
FACTOR OF THE PANCREAS 


wi. A COMPARISON OF HYDROLYZED AND UNHYDROLYZED CASEIN 
IN THE PREVENTION OF FATTY LIVERS OF THE COMPLETELY 
DEPANCREATIZED DOG MAINTAINED WITH INSULIN* 


By I. L. CHAIKOFF, C. ENTENMAN, ano M. LAURENCE MONTGOMERY 


(From the Divisions of Physiology (Berkeley) and Surgery (San Francisco), 
University of California Medical School) 


(Reeeived for publication, December 27, 1946) 


The fatty livers that appear in completely depancreatized dogs main- 
tained with insulin and fed a high protein diet can be prevented by the 
administration of one of the following: (a) choline (1), (6) methionine (2), 
(c) fractions derived from raw pancreas (3), and (d) pancreatic juice (4). 
The action of the last two cannot be accounted for by their methionine and 
choline contents (3, 4). Evidence has also been presented in support of 
the view that the antifatty liver factor contained in pancreatic juice is 
identical with that of raw pancreas (4). 

Since methionine prevents fatty infiltration in the liver of the rat by 
providing methyl groups for the synthesis of choli: 2 (5), it was argued (2) 
that the synthesis of choline from methionine is not interfered with in the 
dog deprived of its pancreas. Moreover, in view of the fact that the diet 
received by these depancreatized dogs while developing fatty livers is not 
deficient in methionine (each dog received 500 gm. of lean meat per day) 
} it was postulated that the antifatty liver factor contained in the external 
eeretion of the pancreas and in fractions isolated from raw pancreas is 
like a proteolytic enzyme which is necessary for ingested proteins to exert 
their full lipotropic effects (6). 

Further evidence in support of this hypothesis is presented in this 
report. It is demonstrated here that purified casein, the feeding of which 
resulted in the development of fatty livers in the completely depancreatized 
dog maintained with insulin, can be made to prevent fatty livers by hydro- 
lysing it before feeding. 

EXPERIMENTAL 


Preparation of Casein Hydrolysate’—1 kilo of Labco casein (vitamin-free, 
. choline-free) was added with thorough shaking to 5 liters of cold 5 n H.SO, 


* Aided by grants from the Nutrition Foundation and the Christine Breon Fund 
for Medical Research. 

‘The advice of Dr. Melville Sahyun of Frederick Stearns and Company is grate- 
fully acknowledged. 
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and the mixture autoclaved for 16 Lours at 15 pounds pressure. While 
the mixture was still hot, 200 gin. of animal charcoal (Nuchar) were added. 
and the mixture shaken for 5 minutes and filtered through a Biiehner 
funnel. ‘The residue was then washed with a liter of boiling water. 

The filtrates were combined and heated to 80°. Slaked lime was added 
to the mixture to bring it to pH 4.5; it was then filtered through a Biichner 
funnel with suction. The residue was mixed once with hot water (89° 
and the resulting mixture filtered. The combined filtrates were heated to 
80°, powdered barium hydroxide added to adjust the pH to 7.2 (glass 
electrode), and the mixture filtered while still hot. The barium-free 
filtrate obtained was dehydrated by lyophilizing. The dry powder so 


TaBLe I 


Protein source | | | 3 | i 

| jem. | em. | em. | gm. | ce. | om. em gm. 
A | 80 gm. casein 3/00) | 
B | 80 Hydrolyzed casein | 8% 100 5) 2 10} 3 20 | 10 | 0.8 

Meat, 80gm. “ | 50080) (100 5, 2/10) 3) 

D| “ 20 “ hydro- | 500 20/100, 5, 2:10 3 (0.2 
lyzed casein | | | | | | | ee 

E | Meat, 0.6 gm. methio- 500 5| 2/10| 3) 0.6 


nine 


* Stated to be vitamin-free; no choline could be isolated from it. 
t For the vitamin content see (6). 
t After Cowgill (7). 


procured was quickly divided into portions sufficient for one meal, each one 
transferred to a tightly stoppered bottle which was kept at 6° until used. 
Since tryptophane of casein is destroyed by acid hydrolysis, this amino 
acid (dl form) in an amount equivalent to 1 per cent of the casein 
hydrolysate was added to each dietary mixture fed. 

Preparation of Animals—The depancreatized dogs used in this study 
were prepared as previously described (6). When they had regained their 
appetites and were in good condition, the raw pancreas was omitted from 
their diets and the diets described in Table I were then fed for the next 
10 to 20 weeks. Each dog received one-half of the specified amounts at 8 
a.m. and the second half at 4 p.m. 8 units of insulin were injected after 
each meal. 
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At the end of the test period the dogs were anesthetized with nembutal, 
and their livers removed and analyzed for fatty acids in a manner previously 
described (8). 

Results 


In view of the effects of free methionine (2), the question arose as to 


TABLE Il 


Effect of Very High Protein Intake on Development of Fatty Livers by Completely 
Depancreatized Dogs Maintained with Insulin 


The dogs were fed Diet C daily for 20 weeks. 


Body weight | Liver 
Atstere | At starting Final | Weight Betty 
| ke. | ke kg. | sm. 
D567 See 9.7 855 22.9 
D568 of 05 700 16.8 
D569 14.2 | 13.0 1.9 | 432 19.7 
D582 1.8 | 10.4 10.0 | = 545 3.7 


Comparison of Hydrolyzed and Unhydrolyzed Casein on Production of Fatty Livers 
in Completely Depancreatized Dog Maintained with Insulin 


| ao Body weight | i Liver 
Dog No diet | fed 
| At start At starting Final Weight | ids 

kg. kg. | em. 
. D339 ae 10.3 9.7 12 452 | 16.4 
D380 7 11.6 10.9 7.6 20 440 17.5 
D398 14.5 14.3 8.2 16 397 16.6 
D405 16.5 17.5 | 14.2 17 550 5.9 
D407 12.8 12.5 7.5 | | 19.3 
D586 B 11.8 10.6 95 10 500 1.9 
D590 0.5 87 16 600 | 1.6 
D591 | 26] 88 | 165 | 2.0 


whether the fatty livers observed in depancreatized dogs fed a lean meat 
diet could be overcome by increasing their protein intake. Four dogs 
(Nos. D567, D568, D569, and D582, Table I1) were therefore fed daily 


- for 20 weeks 500 gm. of lean meat and 80 gm. of casein. Despite the fact 


that this amount of protein contained 7 gm. of methionine, fatty livers were 
found in three of these four dogs. This confirms an earlier observation 
that the daily ingestion of 1000 gm. of lean meat did not prevent the 
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infiltration of large amounts of fat in the liver of a depancreatized dog (9), 

In Table III the effects of feéding casein and hydrolyzed casein upon the 
development of fatty livers are compared. There can be little doubt from 
these results that the failure of 80 gm. of casein to prevent fatty livers js 
due to the inability of the depancreatized dog to release an effective amount 
of methionine from this casein. 

The results shown in Table IV demonstrate that the methionine content 
of 20 gm. of casein can fully account for the lipotropic activity of this 
amount of hydrolyzed casein. The dogs in this experiment were fed 500 
gm. of lean meat daily. In addition, the first five dogs received daily 2 
gm. of hydrolyzed casein, whereas the last three dogs received daily 0.6 


Tasie IV 


Showing that Antifatty Liver Action of 20 gm. of Hydrolyzed Casein Can Be Accounted 
Jor by Its Methionine Content 


| Daily | Body weight Liver 
| | At start | Final Weight | 
| kg. | ke. | 
Ds | 40 «(128 11.2 6.6 
D578 10.2 -10.9 | 380 
8.7 400 3.1 
D571 | 9.5 | 9.3 422 4.9 
9.2 7.0 | 7.4 | 417 | 4.8 
eee 10.6 | 8.9 387 4.7 
DOT 9.8 9.1 10.0 315 2.6 


* Each anima! received a total of 84 gm. of methionine during the 20 week period 
of observation. 


gm. of free methionine. Both types of supplementary treatment com- 
pletely prevented the development of fatty livers. 


DISCUSSION 


The hypothesis formulated in an earlier communication to explain the 
development of fatty livers in completely depancreatized dogs maintained 
with insulin is fully supported by the experimental evidence presented in 
the present investigation. The pronounced difference in the antifatty liver 
action of hydrolyzed and unhydrolyzed casein and the demonstration that 
the antifatty liver effect of 20 gm. of casein can be accounted for by its 
methionine content justify the conclusion that in the gastrointestinal tract 
of the completely depancreatized dog maintained with insulin there is an 
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interference in the mechanism whereby the methionine of protein is made 
available for lipotropic purposes. This defect, so far as the fatty liver is 
concerned, can be overcome by the feeding of choline or of its precursor, 
methionine, or of fractions isolated from raw pancreas. Although pre- 
liminary investigations in this laboratory and in Best’s laboratory (10) 
have shown that trypsin and chymotrypsin are present in purified pancreas 
fractions, the question whether trypsin and antifatty liver activity are 
identical must be left open for the present. 


SUMMARY 


1. In contrast to unhydrolyzed protein which, even when fed in very 
large amounts, fails to stop the development of fatty livers, hydrolyzed 
casein readily prevents fatty livers in completely depancreatized dogs 
maintained with insulin. 

2. The antifatty liver action of 20 gm. of hydrolyzed casein in this animal 
preparation can be accounted for by its methionine content. 

3. The evidence presented here supports the view that a defect respon- 
sible for the development of fatty livers in the completely depancreatized 
dog maintained with insulin is in the mechanism by which the methionine 
of ingested protein is made available for lipotropic purposes. 
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THE RAPID ESTIMATION OF TYROTHRICIN IN 
FERMENTATION LIQUORS 


By 8. C. RITTENBERG,* H. E. STERNBERG, anv W.G. BYWATER 
(From the Research Division of S. B. Penick and Company, Jersey Cily) 


(Received for publication, January 3, 1947) 


The isolation of tyrothricin from fermentation liquors by the method of 
Dubos and Hotchkiss (3) is, from a production standpoint, the most 
satisfactory method of determining yields. The time and labor involved 
in the isolation, however, make the method unsuitable for routine use 
when dealing with many samples. The usual serial dilution technique 
for determining the bacteriostatic concentration against a test organism 
will give a good estimate of the amount of tyrothricin in an unknown 
solution if the method is properly standardized and if a sufficient number 
of dilutions are used. Here, also, the time and labor involved preclude 
routine use. 

Dimick (2) developed a method based on the hemolytic properties of 
tyrothricin ‘“‘by means of which it is possible to determine as little as 100 
mg. of tyrothricin per liter of media, with an accuracy of about 5 per cent.” 
This method is satisfactory for routine work, but it is inconvenient in 
several respects, in particular because of the need for establishing a standard 
curve for every lot of blood used, the narrow range of tyrothricin permissible 
in the alcoholic solution assayed, and the necessity of having a convenient 
source of blood. 

Hotchkiss (8) pointed out that Dimick’s method essentially measures 
the tyrocidine-like components of tyrothricin, since under the conditions 
of the determination gramicidin would have no hemolytic effect, and 
Hoogerheide (5) criticized the method on the grounds that one may not 
assume that tyrocidine and gramicidin are present in constant proportion 
during the course of the entire growth cycle. However, a good correlation 
was obtained between the results of the hemolytic assay and isolated 
tyrothricin under a wide variety of culture conditions (2, 9), an observa- 
tion that lends support to the view that the ratio of gramicidin to tyro- 
tidine is remarkably constant under a wide variety of conditions (8). 

In order to expedite a study of the factors which influence tyrothricin 
production, an attempt was made to develop a chemical method of analysis. 
li, as the results of Dimick indicate, the proportion of gramicidin and 
tyrocidine is constant under a wide range of culture conditions, then the 


* Present address, Department of Bacteriology, University of Southern Califor- 
tis, Los Angeles, California. 
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determination of any amino acid present in either or both components of 
tyrothricin should give a satisfactory measure of the total. Since it has 
been established by Hotchkiss and others (7, 1, 4) that tryptophane is g 
component of both gramicidin and tyrocidine, accounting for 40 per cent 
of the nitrogen of the former and 15.4 per cent of the latter, a colorimetric 
method for its determination in tyrothricin was chosen as a means of 
assaying tyrothricin-containing liquors. 

The tryptophane method of Horn and Jones (6) was applied to alcoholic 
extracts of material precipitated from fermentation liquors. The color 
produced correlated with the amount of tyrothricin isolated from the 
same liquors and could be used as a rapid, routine method for estimation 
of tyrothricin. 

EXPERIMENTAL 


Tyrothricin was produced in shake flask cultures of Bacillus brevis with 
the medium of Stokes and Woodward (10), and isolated by previously 
described methods (3). As a check on the identity of the product, erystal- 
line gramicidin and tyrocidine were isolated and identified by physical 
and chemical tests. In a mouse protection test, 1.35 y of the isolated 
tyrothricin protected 50 per cent of the mice used against 12,600 minimum 
fatal dose of type I pneumococcus.' When assayed in serum albumin pep- 
tone medium by the method of Dubos and Porter,? the isolated material 
inhibited growth of a Group D hemolytic streptococcus (Lancefield strain’ 
(HesD;) at a concentration between 0.20 and 0.25 y per ml. The above 
activities are comparable to those obtained with tyrothricin samples pre- 
pared in other laboratories. A composite sample of six lots of tyro- 
thricin having the listed properties was used as a standard. 

Assay Procedure—Weighed samples of the standard were dissolved in 
alcohol* to give solutions of the desired concentration. The alcoholic 
solutions are stable and can be held indefinitely. The color is developed 
by adding 0.5 ml. of 5 per cent p-dimethylaminobenzaldehyde (prepared 
fresh daily) in concentrated HC! and 0.5 ml. of alcohol to 5.0 ml. of con- 
centrated HCl. This is followed by 1 ml. of the tyrothricin solution. 
If tyrothricin is present, a pink color develops almost at once. After 5 
minutes, 1 drop of 0.2 per cent aqueous sodium nitrite is added and a blue 
color appears in a few seconds. The color density is read after 15 minutes 
in a Klett-Summerson photoelectric colorimeter with a blue filter (400 to 

1 We wish to express our thanks to the Lederle Laboratories, Inc., for this test. 

? Dubos, R. J., and Porter, J., private communication (1946). 

? Obtained through the courtesy of Dr. R. J. Dubos of The Rockefeller Institute 


for Medical Research. 
‘Specially denatured ethy! alcohol formula No. 30, anhydrous used in all the ex- 


periments. 
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465 mu). A tube containing 1.5 ml. of alcohol, 5 mil. of concentrated 
HCl, 0.5 ml. of the 5 per cent p-dimethylaminobenzaldehyde solution, 
and 1 drop of 0.2 per cent sodium nitrite is used as a blank. 

Table I shows the color densities obtained from different amounts of 
the standard tyrothricin sample. ‘The densities are averages of three 
separate determinations. The ratio of tyrothricin to color density (K) is 


_ almost constant with a maximum deviation from the average K of 5.3 per 


cent and an average deviation of 1.7 per cent. It is obvious that the color 
developed is directly proportional to the amount of tyrothricin over the 
range tested. 


Tasie I 
Color Densities from Known Amounts of Tyrothricin 


Tyrothricin | Color density*® | Spreadt | A, — to | Deviation from 
7 | per cent 
25 11.7 7 2.14 | 5.3 
50 22.5 9 2.22 | 1.8 
75 32 12 2.34 | 3.5 

100 4.7 5 2.24 | 0.9 
200 87 12 2.30 | 1.8 
300 131 7 2.29 | 1.3 
400 178 5 2.25 | 0.4 
500 217.3 4 2.20 | 2.7 
600 | 262.5 3 2.29 | 1.3 
700 | 807.3 7 2.28 | 0.9 
800 351 0 | 2.28 | 0.9 
900 | 3 
1000 44 | 0 2.27 


| 


* Average of three determinations; Klett-Summerson photoelectric colorimeter. 
t Difference between maximum and minimum color value. 


The maximum spread between the high and low color reading for a 
given amount of tyrothricin is 12 color units with an average spread of 
6units. In terms of tyrothricin, this represents 13.5 y to 27 y, the mini- 
mum uncertainty in any single determination. 

Assay of Fermentation Liquors—To assay a culture medium, 5 to 10 ml. 
of a representative sample are accurately measured into a centrifuge tube. 
The pH of the liquor is adjusted to between 4.0 and 4.5 by addition of a 
predetermined quantity of hydrochloric acid. ‘The cells and precipitated 
matter are centrifuged down and the clear supernatant liquor is decanted. 
Exactly 5 ml. of aleohol are added to the tube, the sediment is resuspended, 
the tube is shaken for 10 minutes, allowed to stand for 20 minutes, and 
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recentrifuged. 1 ml. of the clear alcoholic extract is used for the color 
development. This quantity is equivalent to 1 to 2 ml. of the fermentation 
liquor, depending on the size of the initial sample. The range can be 
increased if necessary by varying the size of the initial sample or the volume 
of alcohol used for extraction. 

Routinely 1 ml. of a solution containing 200 y of the standard is run 
along with each set of unknowns. This quantity will give a color reading 
of 85 + 4 color units. The quantity of tyrothricin in the unknown is 
calculated by multiplying the ratio of the unknown color value to the 
standard color value by 200. 


500 }— 


Color dens: 
° 


2 
Volume of liguor assayed in m/. 


Fic. 1. The relation between color density in seale units of Klett-Summerson photo- 
electric colorimeter, and volume of culture liquor assayed. 


If oils have been used as antifoaming agents in the course of the fermen- 
tation, the final color solution will be cloudy. In such cases, extraction of 
the colored solution with carbon tetrachloride followed by centrifuging will 
remove the cloudiness without affecting the color density. 

The accuracy and reliability of the method when applied to fermentation 
liquors were assessed in several ways, by analysis of different volumes of 
the same liquor, by isolation of tyrothricin from assayed liquors, and by 
assays of liquors to which known quantities of pure tyrothricin were 
added. Fig. 1 gives the results of four experiments in which different 
volumes of the same liquor were assayed. When samples greater than 3 
or 4 ml. were used, the color densities fall on straight lines that intersect 
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at the zero point. Smaller samples gave densities that were relatively high 
and the amount of tyrothricin calculated from these values will be pro- 
portionately high. The cause of the abnormal results with small samples 
has not been determined but the difficulty is avoided by using a sample 
sufficiently large to give a color reading of at least 150. On several oc- 
easions, When large amounts of tyrothricin were present, the initial alco- 


Il 
Comparison of Assay Values and Isolated Tyrothricin 

Total tyrothricin by color assay : Isolated tyrothricin*® | Recovery 
sm. | per cent 

4.82 3.90 | 81 

0.65 0.58 | 89 

2.33 1.92 | S82 

4.44 | 3.56 | 80 

3.10 | 2.40 | 78 

3.45 | 3.20 93 


* The weight of the final purified product having a bacteriostatic potency equal 
to the standard employed. 


Ill 
Recovery of Tyrothricin Added to Fermentation Liquor 
| Tyrothricin | 
Original culture | Amount added | Total calculated | Total found* | 
per mi. 7 per per mi. per mi. | per cent per cent 
| 0 — | 
186 | 25 211 5.0 
186 50 236 1.0 
186 100 286 a CO 99 4.5 
186 200 386 400 | 103 3.6 


* Average of three determinations. 
t (Found)/‘calculated) 100. 
$ Maximum deviation from mean of three determinations. 


holic extract was decanted and the sediment reextracted with a fresh 
portion of alcohol. The second extract has never shown more than a 
trace of color on assay, thus eliminating the possibility that the tyrothricin 
was not completely extracted. Occasionally, when the tyrothricin level 
is negligible, especially very early in the fermentation, a visible yellow- 
green to green color instead of the usual pure blue develops in the solution. 
The color density is not significant when this occurs. 

Many experiments were run in which tyrothricin was isolated from 
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different culture media after assay. On the average about 80 per cent of 
the assayed value has been recovered by isolation. In one experiment the 
recovery was as low as 52 per cent and in one over 100 per cent was re- 
covered. In general, low recoveries were usually associated with mishaps 
in the isolation procedure or with runs in which the total amount of tyro- 
thricin was less than 100 mg. In no case has tyrothricin been isolated 
from liquors that gave no tryptophane color in the assay. Table II gives 
the results of the last six isolations made. 

As a check on the accuracy and sensitivity of the method covering both 
the extraction and color development, experiments were run in which 
varying amounts of tyrothricin were added to a completed fermentation 
liquor and the culture was then assayed as described. Table III gives 
the results of one experiment. The determinations were run on triplicate 
samples. ‘The data show that a difference of 25 y per ml. can be detected 
with an accuracy of 5 per cent or better. 


DISCUSSION 


Several thousand fermentation liquors have been assayed by the method 
described. One technician can do as many as forty or fifty determinations 
in the course of a morning’s work. No difficulties have been encountered 
when a minimum of 50 to 100 y of tyrothricin per ml. of medium has been 
present. The method has been applied in studying the optimum condi- 
tions for tyrothricin production and the effect of various constituents of 
the medium on the yield. It is particularly useful in following the course 
of a fermentation and determining the time of maximum yield. Differ- 
ences of as little as 25 7 per ml. can be detected with an accuracy of about 
5 per cent. 

The method presented is not specific for tyrothricin but is dependent 
upon the tryptophane moiety of the complex, and therefore is open to at 
least two serious criticisms: (a) The proportion of gramicidin to tyro- 
cidine under changed conditions of fermentation or with different strains — 
of organisms might vary; however, both Dimick’s results (2, 9) and our 
own indicate that such a variation has not occurred in the range of condi- 
tions tested. (b) It is also possible that non-antibiotic substances con- 
taining tryptophane soluble in alcohol and insoluble in water might be 
formed in the various cultures, thus leading to high results. 

The fact that only 80 per cent of the tyrothricin determined by the 
described method is actually isolated from the culture media can be 
explained in two ways; either interfering substances contribute to the 
color intensity or the isolation procedure is not quantitative. Considering 
the number of steps involved in the isolation, one might well expect an 
appreciable loss of active material. It is of interest that the amount of 
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tyrothricin isolated by Dimick from various fermentation liquors also 
was about SO per cent of that found by his assay method (2). 


SUMMARY 


A rapid colorimetric method for the determination of tyrothricin in 
culture media based on a tryptophane assay has been described. The 
method can determine quantities as small as 25 y per ml. with an accuracy 
of 5 per cent or better. 
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GLYCINE AND ALANINE CONCENTRATIONS OF BODY FLUIDS; 
EXPERIMENTAL MODIFICATION 


By HALVOR N. CHRISTENSEN, PAUL FENIMORE COOPER, Jr., ROSWELL 
D. JOHNSON, ann ELEANOR L. LYNCH 


(From The Mary Imogene Bassett Hospital, Cooperstown, New York) 
(Received for publication, December 30, 1946) 


The determination of individual amino acids in body fluids under 
pathological and experimental conditions should permit extension of in- 
formation farther than is possible with procedures that measure amino 
acids collectively. We are reporting some observations upon experi- 
mentally produced changes in the concentrations of glycine and alanine, as 
measured by chemical methods (1, 2) which are specific to the uncombined 
forms of these amino acids. 

The ingestion of 25 to 32 gm. of glycine by human subjects resulted in 
rises of the plasma concentration of glycine nitrogen from the normal of 
0.28 to 0.37 mg. per cent to values of 2.9 to 7.7 mg. per cent, the maximum 
being attained in about an hour. Glycine entered the erythrocytes slowly, 
the concentration remaining below that of plasma for more than 4 hours 
‘Table 1). After the glycine nitrogen of plasma had been held at levels of 
3to 5 mg. per cent for 4 to 5 hours by the ingestion of several portions of 
glycine totaling 30 and 35 gm., the glycine nitrogen concentrations of the 
spinal fluid were 0.065 and 0.07 mg. per cent, compared with five normal 
values of 0.022 to 0.042 mg. per cent, averaging 0.031 mg. per cent. The 
ingestion of 25 gm. of glycine increased the conjugated o-amino nitrogen 
of tungstic acid filtrates of plasma, only a small part of the increase being 
due to glycine. The bound glycine extractable by ethyl acetate from acidi- 
fied tungstic acid! filtrates of plasma (which would include hippurie acid) 
was not significantly increased. The ingestion of 5 and 6 gm. of sodium 
benzoate led to a decrease of the free plasma glycine, a greater reduction of 
the plasma a-amino acids, and an increase of 0.4 to 0.7 mg. per cent in the 
conjugated diffusible glycine nitrogen of plasma, presumably due to hippuric 
aid. Table IT illustrates one of these experiments. 

The ethyl acetate-extractable, conjugated amino acid nitrogen of urine 
vas taken by Henriques and Sg@rensen (3) as a measure of hippuric acid 
excretion. In human urine thev found about half of the conjugated amino 
uitrogen to be extractable. We have partitioned the conjugates by the 
extraction of acidified urine, employing three extractions of 1 volume each, 
hich was sufficient to extract 99 per cent of the hippurie acid from the 
agieous solution. Whereas glycine made up only 6 to 17 per cent of the 
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free a-amino acid nitrogen of urine, both fractions of the conjugates were 
rich in glycine (Table III). The extractable portion included substantial 
quantities of other amino acid conjugates in addition to hippurie aeid. 

Ingestion of 25 gm. of dl-alanine gave results analogous to those for 
glycine in regard to sluggish distribution between plasma and erythrocytes 
and searcely appreciable entrance into the cerebrospinal fluid (Table 


Tasie l 
Amino Acid Changes of Plasma and Erythrocytes after Ingestion of Glycine 
25 gm. of glycine were ingested at zero time in Experiments WHt and Z10, 32 gm. 
in Experiment U40; the data are expressed in mg. per cent. 


| Plasma 
| | N Free | a-Amino N 
| Free | Bound | alanine N Free Bound 
Wi4 Pretest 0.30 0.07 4.40 1.4 
65 min. 2.9 0.2 7.39 esse | Of 
180 min. 1.51 0.28 | 6.01 1.6 0.92 
Z10 Pretest 0.37 0.06 0.60 4.66 1.1 
60 min. 4.2 os. | ta 8.56 2.9 
| 180 min. 2.3 0.2 OST 4.29 ion 
U40 Pretest . 0.32 0.07 0.57 | 4.92 0.1 6 
| omin. | 7.7 | 0.1 | 1.28 | 12.61 | 16 | 2. 
| 155 min. | 4.0 Be 1.12 0.26 Fe 72 
TABLE II 


Effect of Ingestion of 6 Gm. of Sodium Benzoate upon J’lasma Amino Acids 


Plasma concentration 


Pretest | 90 min. _ 180 min. 
| ane. per cont ae. per cout | me. per cont 
Free a-amino N.. 4 - 
Bound diffusible a-amino N 0.41 0.54 0.64 
Bound diffusible glycine N...... | 0.10 


IV). ‘The ingestion of either glycine or alanine produced distinct increases 
of the plasma concentrations of the other amino acid (Tables I and IV). 
Such effects make inexact the assumption that elevations of the amino acid 
nitrogen measure the increases in concentration of a single amino acid ad- 
ministered alone. 

When alanine and glycine were administered as 100 gm. of gelatin 
(equivalent to 25.5 gm. of glycine and 8.7 gm. of alanine (4)), glycine 
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represented 19 to 25 per cent of the increase of a-amino acid nitrogen, while 
alanine made up 17 to 19 per cent of the increase (Table V), indicating a 


Taste Ill 
Contribution of Glycine to Free and Conjugated Amino Acids of Human Urine 


Urine U33 was a pool of 24 hour samples from three normal persons. The other 
yurines were collected from 10 p.m. to 8 a.m., no food being taken after6 p.m. Urine 
Daz represents two suc h 10 hour periods, Urine C27 three such ) periods. 


| Free Total extractable Bound non-extractable 
Urine 
| N x 100 | 
C7 | 5.580.85 15.2 | 3.45! 3.2 eo 
py | 0.28 6.2 1.44): 3.4 
FO | 5.73 0.56 98 (2.4 | 0.36 1b - | 4.6 
0.44° 6.2° | | 
us | 4200.74 «17 2.25/0.95, 42 | 4.26| 146| 34 
A30t | 25.9 | 174 | 6.4 | 3.67 | 2.2 60) 9.4 2.1 22 


* These values are for alanine N instead of aiyet ine »N. 
t Hepatic cirrhosis with ascites; bromosulfalein retention (5 mg. per kilo dose) 
Sper cent after hour. 


Taste lV 
Effect of Ingestion of dl-Alanine 
Experiment No. Alanine N alanine 
mec. percent me. per cent me pen cont meg. per cent 
Tao" Pretest 0.74 0.30 4.73 0.55 
SO) min. 5.08 0.45 | 9.32 | 1.44 
120 min. 5.04 0.37 11.0 2.41 
J57t Pretest 1.0 0.31 4.36 | 0.85 
oO min. 0.44 | | 1.8 
ISO min. 5.0 0.39 2.0 
255 min. 5.3 | 0.35 | 7.79 | 2.2 


#25 gm. of dl. alanine taken at zero time. 

t 15 gm. of d/-alanine taken at zero time, 5 gm. at 90 minutes, 5 gm. at 180 minutes. 
At 270 minutes the spinal fluid alanine nitrogen was 0.34 mg. per cent, compared with 
six normal values ranging from 0.12 to 0.33 and averaging 0.21 mg. per cent. 


more rapid disposal of glycine than of alanine under these conditions. 
Evidence was sought unsuccessfully for increases of glycine and alanine 
peptides. 
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EXPERIMENTAL 


The various preparations were ingested in aqueous suspension by normal 
subjects who had not eaten for 14 hours. Deproteinization of plasma and 
cells from heparinized venous blood was accomplished by tungstie aeid 
(5,6). 14 to 20 ml. of cerebrospinal fluid were collected by puncture at the 
fourth lumbar interspace, and a protein-free filtrate was prepared by 
dialysis for 7 hours at 5°. Free a-amino nitrogen was determined by the 
manometric ninhydrin procedure at pH 2.5 (7, 8) and total a-amino nitro. 
gen likewise, after acid hydrolysis (6). Glycine and alanine were de- 
termined by the methods of Alexander, Landwehr, and Seligman (1) and 
Alexander and Seligman (2). Glutathione responded to the glycine de- 
termination to the extent of 0.0004 mg. of glycine nitrogen per mg. of 
glutathione. Hence free glycine determinations upon tungstic acid filtrates 


TaBLe V 
Effect of Gelatin Ingestion 
117 gm. of Knox gelatin (100 gm. of protein) ingested. The values are in mg. 
per cent. 


Experi- Glycine Alanine @-AminoN |  Giycine N | alanine X 
| Free | Bound| Free | Bound| Free | Bound “™ 
1 Pretest 0.32 | 0.1 | 0.50 | 0.2 | 4.68) 0.8 | | 
90 min. 1.64 0.1 | 1.49 | 0.5 | 9.97; 0.8 | 0.25 | 0.19 
210 min. | 1.50} 0.1 | 1.37) 0.4) 9.74/15 0.23 | 
2 Pretest 0.31) 0.1 | 0.51 0.0 3.93 0.4 | 
120 min. 1.59; 0.08 | 0.1 10.1 | 08 O.21 | 0.19 
20min. | 0.96/0.2 | 1.12) 0.1) 7.36) 0.7 O19 | O17 


of red cells were probably subject to positive errors of about 0.03 mg. per 
cent of glycine nitrogen. Sodium hippurate (Eastman) vielded about 2 
per cent of its glycine nitrogen under the conditions of the determination. 
Bound a-amino nitrogen and bound glycine were determined after acid 
hydrolysis of the tungstic acid filtrates, and bound diffusible a-amino and 
glycine nitrogen after hydrolysis of dialysates (9) of tungstic acid filtrates. 
All urine analyses were conducted upon dialysates. 


DISCUSSION 


The question as to whether the interval employed was sufficient to pro- 
duce a response of the alanine and glycine of the cerebrospinal fluid to the 
elevation of the plasma levels can be answered only by comparison with the 
behavior of other solutes under similar circumstances. Merritt and Fre- 
mont-Smith (10) and Munch-Petersen (11) have shown that, when a 
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transient hyperglycemia is produced by feeding or injecting glucose, the 
of the lumbar spinal fluid rises within an hour or 2. The responses 
of alanine and glycine were relatively sluggish. 

The manometric ninhydrin procedure showed 1.04 to 1.43 mg. per cent 
of a-amino nitrogen (average 1.23 mg. per cent, six analyses) in cerebro- 
spinal fluid. Weichmann and Dominicke (12) reported a normal range of 
1.2 to 2.0 mg. per cent by the Folin colorimetric method. In two cases 
of liver disease with elevated plasma amino acid nitrogen, these investi- 
gators observed cerebrospinal fluid levels of 3.2 to 6.5 mg. per cent. Harris 
(13) has found the glutamine concentrations of cerebrospinal fluid to be 
similar to those of plasma, which would mean that half or more of the spinal 
fluid a-amino nitrogen is due to glutamine. 

The large participation of the glycine in the amino acid conjugates of 
urine, other than hippuric acid, suggests that these conjugates are not 
simply a random collection of peptides wasted in the course of protein 
metabolism but may have a different significance. Dent has reported in a 
preliminary communication (14) that glycine and alanine make up a major 
part of the amino acids of normal human urine. He observed a peptide 
which was probably serylglycylglycine in the urine of patients with hepatic 
necrosis or the Fanconi syndrome. 


SUMMARY 


1. The concentrations of glycine and alanine of erythrocytes approached 
very gradually over several hours the levels of plasma when the latter was 
elevated by the ingestion of pure amino acids by human subjects. 

2. Cerebrospinal fluid levels of these two amino acids were about one- 
tenth (glycine) and one-third (alanine) the plasma levels. When the 
plasma levels were elevated for several hours by ingestion of amino acids, 
the cerebrospinal fluid levels rose only very slightly. 

3. Glycine ingestion appeared to increase the conjugated amino acid 
nitrogen of tungstic acid filtrates of plasma. 

4. The ingestion of sodium benzoate increased the bound diffusible 
glycine of plasma five or ten times. The free glycine and free a-amino 
nitrogen were decreased. 

5. The ingestion of either glycine or dl-alanine resulted in an elevation 
of the plasma level of the other amino acid. 

6. When glycine and alanine were ingested as gelatin, alanine made up a 
disproportionately large part of the increase in plasma amino acids. 

7. Glycine made up a small part of the free amino acid nitrogen of nor- 
mal urine, but a larger part of the conjugated amino acid nitrogen, even 
ater hippuric acid was removed. 
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THE QUANTITATIVE DETERMINATION OF ASCORBIC ACID 
IN SMALL AMOUNTS OF WHITE BLOOD CELLS 
AND PLATELETS 


By OTTO A. BESSEY, OLIVER H. LOWRY, ann MARY JANE BROCK 


(From the Division of Nutrition and Physiology, The Public Health Research 
Institute of The City of New York, Inc., New York) 


(Received for publication, January 2, 1947) 


A knowledge of the concentration of ascorbic acid in the white blood cells 
and blood platelets has been shown to be of value as an addition to blood 
plasma analysis in evaluating nutritional status, particularly at low levels 
of ascorbic acid intake (1-5). Furthermore, since it is probably more con- 
venient to obtain specimens of white blood cells than of any other living cells 
of the body, it seems likely that analysis of these cells will become of in- 
creasing value in studying the physiology of ascorbic acid and other 
nutritive essentials in body fluids and tissues. Stephens and Hawley (6) 
determined the ascorbic acid content of white blood cells by an analysis 
of the buffy layer removed from 50 ml. blood specimens. ‘This layer 
contains both white cells and blood platelets. It was later shown by Butler 
and Cushman (1) that the concentration of ascorbic acid is nearly the same 
in both of these fractions. (Throughout this communication the white 
cells plus blood platelets will be referred to collectively as “white cells.’’) 
Butler and Cushman (1) simplified the collection of the white cells by 
centrifuging oxalated blood in special tubes with a central narrowed portion 
which converted the buffy coat into a well defined accessible column of 
cells. The required amount of blood, 15 ml., was subsequently reduced 
by Lubschez (7) to 4 or 5 ml. 

By a procedure which will be described below, it has proved feasible to 
isolate the white cells from as little as 0.1 ml. of blood and to analyze 
them for ascorbic acid. Blood from the finger tip is diluted with isotonic 
potassium oxalate and centrifuged slowly to precipitate the red cells. The 
white cells, which settle more slowly, remain in the supernatant and are cen- 
trifuged in a second tube and analyzed for both ascorbic acid and acid- 
insoluble phosphate. The measurement of this nearly constant phosphate 
fraction permits calculation of the amount of white cells present without 
the necessity of weighing the rather minute sample. The procedure is 
more rapid than with larger quantities of blood and venipuncture is not 
required. ‘Two persons can collect and analyze 50 to 75 samples in 2 days. 
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EXPERIMENTAL 
Method 


Reagents and Equipment— 

1. Beckman spectrophotometer fitted with a special diaphragm and 
cuvettes to permit the use of 0.05 ml. fluid volumes (8). ( Diaphragm 
and cuvettes obtained from the Pyrocell Manufacturing Company, 207 
East 84th Street, New York 28.) | 

2.6 X 50 mm. serological tubes, e.g. Kimble, No. 45060. Square 
racks made of } inch wire mesh are convenient for handling up to 100 tubes. 
3. Pipette for transferring blood (9), 5 to 6 mm. in diameter with a short 
. tip narrowed to 1 mm. in outside diameter and with the opening at least 
0.5 mm. in diameter. A coarse constriction placed at 0.1 to 0.12 ml. | 
volume aids in preventing the accidental sucking of blood too far into the 
pipette. This pipette, although uncalibrated, is similar in construction to 
the quantitative constriction pipettes listed below. 

The inside is paraffined by heating the pipette, sucking up molten 
paraffin, blowing it out, and, while still blowing, cooling with water. This 
leaves a thin film of paraffin effective in delaying blood clotting without 
unduly constricting the tip. 

4. Footed stirring rod made of glass or stainless steel wire. The shaft 
is 1 to 1.5 mm. in diameter and 75 mm. long; the foot is 2.5 to 3 mm. in 
diameter and is flattened. 

5. Pasteur pipette of 1 to 1.5 ml. capacity with bent tip for transferring 
white cell suspension. 

6. Constriction pipettes, 10, 30, 40, 50, and 200 c.mm. (9). 

7. Device for removing the supernatant from white blood cells. A 
small glass tube with a bent rarrow tip not over 0.5 mm. in outer diameter 
is connected with rubber tubes, through a 20 to 50 ml. bottle, to the mouth. 

8. 1.6 per cent potassium oxalate. This is preserved at 4° to prevent the 
growth of microorganisms and must be centrifuged just before use to remove 
" possible traces of suspended material. 

i 9. 5 per cent trichloroacetic acid. 

ti ‘10. 2 per cent dinitrophenylhydrazine, 0.25 per cent thiourea, 0.08 
per cent CuSO,-5H,O in 9 x H.SO,. This reagent is stable for at least a 

week at 4°, but should be centrifuged before use unless crystal-clear. It is 
prepared from the stable solution of 2.2 per cent dinitrophenylhydrazine in 
10 » H.SO, by the addition of 5 volumes per cent of 5 per cent thiourea and 
5 volumes per cent of 0.6 per cent CuSO,-5H,0. 

11. 65 per cent H.SO, (70 ml. of concentrated H,SO, plus 30 ml. of 
H,0). 


12. 6.5 ~ sulfuric acid. 
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13. 10 per cent perchloric acid. 

14. Phosphate reagent. In 45 ml. of gvater is dissolved 0.3 gm. of a 
powder consisting of 5 per cent Na,SOs, af 3 per cent NaHSOs, and 0.7 per 
cent 1,4-aminonaphtholsulfonie acid. To this are added 5 ml. of 2.5 per 
cent ammonium molybdate in water. 

Isolation of White Cells—In a 6 X 5O mm. tube are placed 0.5 ml. of 
1.6 per cent potassium oxalate and a footed stirring rod. A finger is lanced 
to give a free blood flow, e.g. with a Bard-Parker No. 11 blade held by pro- 
jection from a cork. After any residual alcohol is wiped off, the area is 
lightly coated with vaseline and the first blood blotted off. As rapidly 
as possible the paraffined pipette is filled and the blood delivered into the 
tube, the contents of which are at once gently but thoroughly mixed with 
the rod. (The pipette is rinsed with fresh oxalate but is not dried before 
reuse.) The tube is centrifuged within an hour at a predetermined slow 
speed which settles the red cells without loss of too many white cells. A 
safe time of centrifuging is twice the interval required just to throw the 
bulk of the red cells to the bottom. The centrifuge must come smoothly 
to a stop to avoid remixing of the sample. The turbid supernatant which 
contains the white cells is transferred with a Pasteur pipette to another 
tube of the same size. The suspension close to the red cell layer should 
be avoided, since this usually contains some red cells. The second tube 
is centrifuged (within 2 hours) at 3000 r.p.m. for 15 minutes. The clear 
supernatant is sucked off with the device for removing the supernatant 
from white blood cells, described above, and discarded. Great care is 
taken to remove a maximum amount of fluid without loss of the sediment. 
At first, a magnifying glass may prove helpful. If 90 per cent of the fluid 
is removed and the tube allowed to stand 5 or 10 minutes for drainage, 
the last 10 per cent can be removed more completely. 

Ascorbic Acid Analysis—The white cells are distributed as thinly as 
possible by tapping the tube, and 40 c.mm. of 5 per cent trichloroacetic 
acid are added. For adequate extraction of ascorbic acid and acid-soluble 
phosphorus, it is imperative that the precipitate be well dispersed. A 
mechanical vibrator device (10) has been found very useful for vigorous 
mixing or agitation of the contents of these small tubes. After centrifuging, 
a 30 c.mm. aliquot of the supernatant is transferred to another 6 X 50 mm. 
tube and 10 c.mm. of the dinitrophenylhydrazine reagent are added. 
(The residue is saved for measuring the acid-insoluble phosphorus (see 
below).) After mixing and capping with parafilm or a vial stopper, the 
tube is incubated for 4 hours at 38° (bacteriological incubator or air bath). 

After chilling in ice water, 50 c.mm. of ice-cold 65 per cent H.SO, are 
added. Because of the viscosity the pipette should be emptied slowly. 
Vigorous and thorough mixing is required after this addition. Also, it is 


a 
is 
in 
a | 
of 

4 


: 


“a 


200 MICRODETERMINATION OF ASCORBIC ACID 


advisable to tap the tubes with the finger to mix again just before reading. 
The light absorption is measured at 520 my in the spectrophotometer any 
time within the first 3 or 4 hours. Blanks and standards are provided by 
treating 30 c.mm. aliquots of 5 per cent trichloroacetic acid and of fresh 
0.4 mg. per cent ascorbic acid (0.004 y per c.mm.) in 5 per cent trichloro- 
acetic acid in the same manner as the white cell extracts. 

The ascorbic acid analysis may be deferred indefinitely if desired by 
storing the 30 c.mm. aliquots in well stoppered tubes at — 20° or colder. 

Acid-Insoluble Phosphorus Analysis—After the aliquot is removed for 
ascorbic acid analysis, the residue is washed (within | hour at room tem- 
perature or 4 hours at 4°) by mixing with 0.2 to 0.3 ml. of 5 per 
cent trichloroacetic acid, centrifuging, and sucking off the supernatant. 
30 c.mm. of 4.5 N HSO, are then added and the sample (with others in 
a rack) is heated for 1 or 2 hours in an oven at 95-98° to drive off excess 
moisture without spattering, after which ashing is accomplished by adding 
10 c.mm. of 70 per cent perchloric acid and heating in an oven for 2 hours 
at 145-160°. 

Color is developed by adding 0.2 ml. of the phosphate reagent. The 
samples are vigorously mixed and are mixed again by tapping with the 
finger just before reading. 

Blanks are supplied by measuring into 6 XK 50 mm. tubes 30 c.mm. of 
4.5 ~ H.SO,. Standards are provided by substituting an equal volume of 
0.5 mm of KH,PO, in 4.5 xn H,SO, (0.015 micromole of P). These blanks 
and standards are carried through the same evaporation and ashing pro- 
cedures as the white cell samples. The optical absorption is measured at 
690 my in not less than 20 minutes after mixing. Subsequent color develop- 
ment is slow and occurs at a uniform rate. Some of the standards are read 
both before and after the unknowns to permit correction for any increase 
in optical density with time. 

Calculation—The white cells have been found to contain an average of 
3.34 mm of acid-insoluble phosphorus per 100 gm. (see the “‘Discussion”). 
Thus, the mg. of ascorbic acid per 3.34 ma of acid-insoluble phosphorus 
(or micrograms per 3.34 micromole) are numerically equal to the concen- 
tration per 100 gm. of white cells. Therefore 


(1) Micrograms ascorbic acid in sample 
micromoles P in sample 


3:34 = mg. ascorbic acid per 100 gm. white cells 


(2) Micrograms ascorbic acid in sample = 0.004 x 


Daa 
x 41.5 = K, X Daa 
Detandard AA 
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where Dax abd Dersouara ax are the optical densities of the unknown and 
standard respectively, corrected for the blank. 41.5 is the sum of the 40 
emm. acid added plus approximately 1.5 ¢.mm. of fluid left behind with 
the original white cell sediment, and 0.004 equals the micrograms of ascorbic 
acid per ¢.mm. of standard. 


(3) Micromoles P in sample = micromoles P in standard x 


Dp 
0.004 
x K: X Dp 
In a series of analyses the standards and their respective optical densities 
are fixed, and henee Equations 1, 2, and 3 may be combined: 


4) K, Daa 


D 
K. Dp x 3.34 = K, _ = mg. ascorbic acid per 100 gm. white cells 


(The volumes of all the pipettes, except the 40 and 30 ¢.mm., cancel out, 
since they are used for both standards and unknowns.) 


DISCUSSION 


In the development of the above method there were two major problems: 
(1) the isolation of white cells from finger blood and (2) the measurement 
of the size of the white cell sample. Various diluting agents and anti- 
coagulants were investigated: heparin, citrate, heparin plus oxalate, and 
oxalate diluted with saline or Ringer’s solution. None proved as satis- 
factory as isotonic oxalate for the prevention of clotting. The slightest 
degree of clotting will precipitate the white cells with the red blood cells. 
Since finger blood, even with the greatest care in collection, coagulates 
more rapidly than venous blood, this consideration is of first importance. 

The method of isolation of the white cells is similar to that described 
by Gorham et al. (11), who allowed undiluted oxalated blood to stand for 


“several hours until the red cells were partially settled and then centrifuged 


the supernatant. It was found expedient in adapting this principle to 
much smaller quantities of blood to dilute the sample with isotonic po- 
tassium oxalate. This would be expected to increase the yield of white 
cells and to permit more complete removal of serum without washing the 
tells. It also proved to be more satisfactory to remove the red cells by 
dow centrifugation rather than to wait for gravity to accomplish the same 
purpose. It is conceivable that the dilution might wash out ascorbic 
acid from the white cells. Actually, this does seem to occur if hypotonic 
oxalate is used. With isotonic oxalate, however, there appears to be no 
loss, as judged by the agreement recorded below, with analyses of white 
tells isolated on a larger scale from undiluted blood. Furthermore, the 


, 
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same ascorbic acid values were found, whether the white cells were centri, 
fuged immediately or were allowed to stand 2 or 3 hours suspended in | 
oxalate solution. 
It seemed impracticable to attempt to weigh the minute white cell 
samples isolated. It also proved on trial to be unsatisfactory to estimate I 
the white cell volume from the length of the column of packed cellsina 
calibrated capillary tube. An attempt was, therefore, made to find acell | 
constituent that is relatively constant in concentration and which would s 
not be unduly affected by the moderate contamination with red cells or a 
fibrin which sometimes occurs. Such a substance should furnish a valid t! 
measure of the sample size. The total phosphorus or a phosphorus fraction n 
appeared to be worthy of trial. | 
be The total phosphorus proved to be rather constant in concentration in | 
+: the white cell and as a consequence has been used as the basis for many 
hundreds of determinations. However, to measure the total phosphorus C 
it was necessary to suspend the white cells evenly after isolation in order 
to take aliquots for both phosphate and ascorbic acid, and this was some- . 
times quite difficult. Both acid-soluble and acid-insoluble phosphorus 
were next investigated and the latter proved to be the more satisfactory. 


4 
: 
4 


The acid-insoluble phosphorus contained in the acid-insoluble residue from 
the entire sample was available for analysis, whereas only part of the acid- Ms 
soluble fraction could be utilized, since the rest of the acid extract would be Mi 
ie required for the ascorbic acid determination. Furthermore, contamination — 
‘4 of the sample with red cells would cause a greater distortion of the acid- I 
if soluble than of the acid-insoluble fraction. This reasoning is borne out a 
ig by actual analyses, which proved to be more consistent when based on the 
acid-insoluble fraction. 
Pi Ten macro white cell samples from different individuals were isolated by | 4 
re centrifuging in tubes with a central narrow segment (1) and were analyzed rae 
| r for acid-insoluble phosphorus. An average of 3.34 mm per 100 gm. witha | “ 
Le standard deviation of 0.25 mm per 100 gm. was found. (The individual. dev 
ia values were 3.53, 3.16, 3.46, 2.94, 3.16, 3.36, 3.60, 3.44, 3.02, and 3.78mu | *® 
per 100 gm.) 
re. Although the correlation between this phosphorus fraction and the wet | b 
i weight is thus not perfect, it is conceivable that acid-insoluble phosphorus | “hil 
i: may be a more physiological basis of calculation than weight. ~ 
if The ascorbic acid micromethod used is a modification of that previously a 
} ; developed for serum (12). In order to simplify the over-all procedure the dif 
ij » conversion of ascorbic acid to dehydroascorbic acid was effected by copper 
as Y instead of charcoal. The charcoal reagent is apt to cause difficulty due to on 
if floating, and its use would have necessitated several extra steps. When he 
iW the charcoal is replaced, the results tend to be somewhat more uniform. | “§ 


| 
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although the values observed are 2 or 3 mg. per cent higher. Apparently, 
charcoal removes some material (not ascorbic acid) which reacts with the 
t. 

_ Analyses—Table I gives the data for ten white cell samples 
isolated from different bloods and analyzed on both a macro and micro 
scale for ascorbic acid. The macro samples were obtained from venous 
blood by the procedure described by Butler and Cushman (1). The micro 
samples were obtained from the finger, as described above. The ascorbic 
acid was determined in both cases by the dinitrophenylhydrazine procedure; 
the macrodeterminations were based on the weight of sample, and the 
microdeterminations were based on the acid-insoluble phosphorus. 

The standard deviation between the two methods is 3.6 mg. per cent, as 


Taste I 


Comparison of White Blood Cell Ascorbic Acid Values Measured by Macro- and 
Microprocedures 


The values are recorded as mg. per cent. 


Serum Serum) Serum! Serum! Serum) Serum Serum) Serum Serum Serum 4 
1 2 3 4 6 8 9 
Macro..............| 27 | 23] 25| 24] 32; 26; 25/ 25.8 
26; 27; 21; 31; 27; 31); 25; 17) 26.0 
Difference*.......| —1 | —3 | —2 +6 +7) +1 |+0.2 


* Standard deviation between the two methods, 3.6 mg. per cent. 


judged by these data. Part of this difference is undoubtedly due to inaccu- 
tacies in the micromethod, which is based on two separate determinations, 
one for ascorbic acid and one for acid-insoluble phosphorus. The standard 


deviation of the individual microanalysis was found to be 2 mg. per cent in 


aseries of thirty-five determinations on nine different individuals. Another 
source of discrepancy between the macro- and micromethods may be as- 
cribed to differences in the acid-insoluble phosphorus content of the different 
white cell samples. Finally, it is difficult to isolate white cells on a macro 
sale and obtain entirely uniform samples. There is a possibility of 


different degrees of packing with variations in the accompanying fluid, 


and minute clots, if formed, will collect in the white cell layer and are often 
dificult to detect. 

Reproducibility of Values for Same Individual—The white blood cells 
of two individuals were analyzed at intervals during the day (Table II). 
No significant changes were observed over a 6 hour period. Table II also 
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TaBLe II 


Subject A Subject B r 
| Isolated Ascorbic Isolated Ascorbic | 
| (calculated)* blood cells (calculated)* blood cells t 
hrs. mg. mg. per cent mg. per cent | Ars. me. me. per cent mg. per cont 0 
0 0.23 | 35 | 0 | 0.34 34 C 
0.2% | 3 | 0.36 33 
0.26 30 | 0.27 33 ? 
0.33 33 0.33 27 32 
;* 0.05 0.36 32 | 0.05 | 0.24 “or 
0.30 32 | | 0.28 33 
0.31 | | 0.24 33 
0.10 0.38 30 | 
0.28 31 3 
0.26 32 0.36 33 
4 0.22 29 30 0.29 33 33 | 
; 0.15 0.27 32 0.15 0.26 32 
0.39 27 | 0.28 32 6 
0.28 33 | 0.28 34 33 z 
0.33 32 8 
0.20 | 0.23 | 3 | | 0 
a 0.30 30 | 0.32 32 32 10. 
0.24 2 0.30 31 
0.17 31 0.26 28 Il. 
by 2 0.35 31 | 0.28 29 
bie 0.31 31 | 0.13 24 12. 
Pr) 0.33 32 0.14 24 
tt 0.32 29 | 0.14 24 27 
zt 0.30 31 | 4 0.35 36 
0.34 27 0.43 32 
ry 4 0.40 26 | 0.31 29 
i 0.46 30 0.31 26 | 
ie 0.47 30 0.31 27 
44 0.35 21 0.32 33 30 
0.34 6 0.24 34 
ig 0.18 26 | 27 0.14 29 
14 6 0.29 29 | 0.19 29 30 
0.37 31 
0.30 30 | 
7 0.22 28 30 | 
; * Calculated from acid-insoluble P, as described in the text. 
4 
if indicates the’mass of white cells usually isolated (0.2 to 0.3 mg.) from 0.1 to 
bi: 0.15 ml. of blood. 


Hourly Measurements of Ascorbic Acid in White Plood Cells of Two Individuals 


AL 
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SUMMARY 


1. A method is described for the measurement of the ascorbie acid con- 
centration in white blood cells and platelets of 0.1 ml. of blood. The cells 
are isolated by differential centrifugation from finger tip blood. The mass 
of white cells isolated are measured indirectly through a determination of 
the acid-insoluble phosphorus of the sample. The coefficient of variation 
of individual microanalyses was found to be about 8 per cent and the 
coeficient of variation between the micromethod described and a macro- 
method was about 13 per cent. Two analysts can measure 50 to 75 samples 
in 2 days. 
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RELATION OF SCURVY TO GLUCOSE TOLERANCE. TEST, 
LIVER GLYCOGEN, AND INSULIN CONTENT OF PANCREAS 
OF GUINEA PIGS 


By SACHCTIIDANANDA BANERJEL ano NARESH CHANDRA GHOSH 


(From the Department of Mitra Research in Diabetes, Caleutta School of Tropical 
Medicine, and the Applied Chemistry Department, University College of 
Science and Technology, Calcutta, India) 


‘Received for publication, December 6, 1946) 


It was reported previously that deficiency of vitamin C in guinea pigs 
leads to diminished glucose tolerance (1), diminished deposition of liver 
glyeogen (2), and diminished insulin content of the pancreas (3). In 
those experiments, however, the guinea pigs of the control group received 
ad libitum a natural diet consisting of green grass and germinated gram 
(Cicer ariclinum) and not the scorbutie diet (4) with the supplement of 
ascorbic acid. The experimental results obtained with scorbutie guinea 
pigs might, therefore, be due to the different diets consumed by the animals 
and not due to the specifie vitamin C deficiency. Further, the results 
might also be due to the effect of inanition as the paired feeding technique 
was not employed. In the present investigation the glucose tolerance test 
was studied, the glycogen value of the liver was determined, and the 
insulin content of the pancreas was estimated in both normal and scorbutie 
guinea pigs. The animals received the scorbutie diet with or without the 
supplement of ascorbie acid and the paired feeding technique was employed. 


EXPERIMENTAL 


Relation of Scurvy to Glucose Tolerance Test in Guinea Pigs—Healthy 
male guinea pigs with an average weight of 280 gm. were fed ad libitum for 
| week a secorbutic diet (4) with a daily oral supplement of 5 mg. of ascorbic 
acid. The animals, which were growing, were divided into two groups and 
paired in such a way that the weights of the animals in each pair were 
about the same. One of the groups was fed ad libitum the seorbutie diet 
without any supplement of ascorbic acid for 21 days. The daily food 
consumption of each animal of this group was noted and the equivalent 
amount of the scorbutic diet was given to the corresponding animal of the 
second group, which received in addition a daily oral supplement of 5 mg. 
of ascorbic acid. All the animals were fed 2 drops of a concentrate of 
vitamins A and LD twice a week during the experimental period. In the 
evening of the 2ist day the food was removed from the cages of all the 
animals and the glucose tolerance test was performed the next morning as 
described previously (5). The results are shown in Table I. 
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Relation of Scurvy to Glycogen Content of Liver of Guinea Pigs—Male 
guinea pigs, with an average weight of 250 gm., were selected, separated 
into two groups, and paired as described in the previous section. They 
were fed the same scorbutie diet with or without the supplement of ascorbie 
acid for 21 days in the same way as mentioned above. In the evening of 


Taste 
Glucose Tolerance Tests in Normal and Scorbulic Guinea Pigs 


~ 


' 


Blood sugar after feeding glucose 


Pair | Weight at | _ Fasting 
No. | death blood sugar 
| min. 150 min. 
gm. me. per cent me. per cent me. per cont | mg. per cont 
ea Normal 400 113 p99 204 177 
| Scorbutie 2s 124 247 300 313 
2 Normal | 333 106 177 177 106 
Scorbutic | 250 /112 208 325 313 
3 Normal | 436/128 187 165 156 
! Scorbutie | 335 131 325 247 220 
4 Normal 33S ‘138 218 174 
|  Scorbutie | 263 {114 284 272 174 
5 | Normal! : 320 136 213 195 134 
|  Seorbutic {| 265 {174 319 i292 325 
6 Normal 200 O7 274 247 159 
Scorbutie | 224 85 325 247 235 
a Norma! 325 115 177 146 130 
| Scorbutic | 265 130 237 241 254 
e4 Normal 292 113 302 217 195 
| Scorbutic 255 OS 237 252 206 
Average 
Normal... 3.3/221 16.41193 + 10.6184 2% 9.9 
... 1120 + 10.2284 + 13.6272 + 10. 19.4 
Difference of means... 2 63 79 112 
Standard error of difference... ‘| 10.78 21.32 15.13 21.82 


* Except for this value, all values of ¢ are » highly significant. 


the 2ist day the food was withdrawn from the cages. The next morning 
the animals were sacrificed by a blow on the head, the neck veins cut, and 
the livers removed, wrapped in a gauze cloth to remove adherent blood, 
weighed, and each By er quickly dropped in a 50 ce. centrifuge tube contain- 
ing hot 30 per cent potassium hydroxide. The glycogen in the liver was 
precipitated by the method of Grattan and Jensen (6) and the reducing 
sugar in the hydrolyzed precipitate was determined by the method of 
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Hagedorn and Jensen (7). The glycogen values of the liver are given in 


Table II. 
Relation of Scurvy to Insulin Content of Pancreas of Guinea Pigs —Two 
groups of healthy male guinea pigs, with an average weight of 250 gm., 


Il 
Determination of Liver Glycogen in Normal and Scorbutic Guinea Pigs 
Pair Weight at death Weight of liver Giycogen per 100 gm. liver 
Normal Scorbutic Normal Scot butic Normal Scorbutic 
em. om. om. umn om. gm. 
202 6.7 9.558 | 1.408 0.029 
2 | 228. OH 7.80 | 0.833 (0.056 
@ 204 7.97 5.28 1.753 60.086 
4 | 246  : 6.32 | 7.75 0.794 0.183 
§ | 335 7.88 |. 1.600 0.060 
6 | 296 258 | 6.38 10.62 | 1.809 0.011 
7 | 238 2155 | 5.96 4.48 | 3.900 (0.056 
258 242 6.68 6.50 2.453 0.108 
9 260 220 5.15 9.18 2.444 | 0.047 
10 | 7.14 7.52 3.178 0.008 
ee 7.61 5.97 2.372 0.052 
12 240 209 6.47 7.55 0.695 60.109 
Average........ cccccce.| 6.48 7.51 1.936 + 0.282 0.063 + 0.014 
Difference of means............. 1.873 
Standard error of difference..... (0). 282 
6.6 (Highly significant) 
Taste Ill 
Determination of Insulin Content of Pancreas of Guinea Pigs 
Weight of paperemn, Insulin content per gm. 
pooled pancreas 
gm. 
Norma! (10 animals) 11.91 . 0.45 
Scorbutic (10 animals) 10.38 0.11 


were selected, paired, and fed as described above for a period of 21 days. 
The food was removed from the cages of the animals in the evening of the 
2ist day and the-animals were sacrificed the next morning as described 
in the previous section. ‘The pancreas from the animals of each group was 
removed to a cooled, weighed bottle containing acid aleohol of the following 
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composition: alcohol 75 parts, distilled water 25 parts, and concentrated P 
,- hydrochloric acid 1.5 parts. The second weighing of the bottle gave the 
fb weight of the pancreatic tissue. The insulin in the pooled pancreas of , 


each group of animals was extracted by the method of Best, Haist, and 
Ridout (8). The potency of insulin in these extracts was quantitatively 
estimated by the rabbit assay method of Marks (0). The results are given 


in Table IIT. 
te 
DISCUSSION 
a Unlike those reported by Sigal and King (10) and Murray and Morgan 
: | (11), the fasting blood sugar values of normal and scorbutic guinea pigs did a 
fs not differ significantly. Blood sugar values of scorbutic guinea pigs 45, | 
. 90, and 150 minutes after the feeding of glucose were significantly higher di 
than the corresponding values of the paired fed control animals. The 
glucose tolerance was, therefore, definitely lowered in all the seorbutie D 
) guinea pigs. The glycogen content of the liver was markedly lowered in in 
all the scorbutic guinea pigs and the results were statistically significant 
: (Table II). The insulin content of the pancreas of scorbutic guinea pigs 
y was markedly decreased when compared with that of the paired fed normal’ 
: } control animals (Table III). In our previous experiments (3) in which 
| ; the normal animals received the diet ad libitum, the insulin content was 0.6 
i I. U. per gm. of pancreas. This value was a little higher compared to our 
:. present findings. Inanition, therefore, slightly lowers the insulin content th 
f | of the pancreas. This was also reported by Best ef a/. (8) in experiments tic 
i | with rats. The decrease in the insulin content of the pancreas in seurvy is, 
4 : 7 therefore, mainly due to the effect of vitamin C deficiency. In our pre- 
Pe vious experiments (3) the animals of the scorbutic group received the 1. 
) : scorbutic diet for a period of 24 to 28 days. The insulin content of the 2. 
+2 pancreas of those animals was 0.08 unit per gm. of pancreas. In the é. 
re present investigation the animals of the seorbutic group received the seor- . 
ia butie diet for 21 days only and the insulin content was 0.11 unit per gm. of 6 
a pancreas, a little higher than our previous result. ‘These findings indicate ;. 
{4 that the insulin content of pancreas gradually diminishes with the progress s. 
Pe of scurvy. Though the adrenalin content of the adrenal glands of guinea 9. 
pigs markedly increased when the animals developed scurvy (4, 5), seorbutie 
$3 guinea pigs with demedullated adrenals showed lowered glucose tolerance, iL. 
, } as did the scorbutic guinea pigs with intact adrenals (5). The lowered 12. 
‘s glucose tolerance and the lowered glycogen content of the liver as observed 
iy in scorbutic guinea pigs, therefore, might be explained by the diminished 
iB insulin content of the pancreas. Vitamin C seems to stimulate the islands 
iz of Langerhans for the normal secretion of insulin. The deficiency of this 
. : vitamin was found to cause degranulations in the 3-cells of the pancreas 


4 
a 
‘ 


S. BANERJEE AND N. C. GHOSH 211 


of guinea pigs (12). Like the guinea pig, the human cannot synthesize 
vitamin C and a chronic deficiency of vitamin C might cause degenerative 
changes in the islands of Langerhans, resulting in diabetes mellitus. 


SUMMARY 


1. The effect of vitamin C deficiency on the glucose tolerance, on the 
glycogen content of the liver, and on the insulin content of the pancreas 
was studied in guinea pigs by a paired feeding technique. 

2. Glucose tolerance was significantly lowered in scorbutic guinea pigs. 

3. The glycogen value of the liver was significantly diminished in 
seorbutic animals. 

4. The insulin content of the pancreas of scorbutic guinea pigs was 
diminished to about one-fourth of the normal value. 

5. The insulin content of the pancreas was found to diminish with the 
progress of scurvy, and inanition was also found to lower slightly the 
insulin content of the pancreas. 

6. It has been suggested that the disturbed carbohydrate metabolism 
as seen in scurvy is due to a deficiency of insulin secretion and a chronic 
deficiency of this vitamin may be one of the etiological factors of diabetes 
mellitus in human subjects. 


We are indebted to Dr. F. M. Fruter of Hoffmann-La Roche, Inc., for 
the supply of ascorbic acid and to Dr. B. Mukerji, Biological Standardisa- 
tion Laboratory, Government of India, for International Standard Insulin. 
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THE METABOLISM OF PHENOXYACETIC ACID, ITS HOMO- 
LOGUES, AND SOME MONOCHLOROPHENOXYACETIC 
ACIDS. NEW EXAMPLES OF 8 OXIDATION 


By STANLEY LEVEY* ano HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, 
University of Michigan, Ann Arbor) 


(Received for publication, January 20, 1947) 


The biological behavior of benzoic acid and its homologue, phenylacetic 
sid, has been the subject of many investigations. Phenylacetic acid, 
like benzoic acid, conjugates with glycine in the organism of the common 
lsboratory ‘animals (dog, cat, rabbit) to form phenaceturic acid, the 
homologue of hippuric acid (1). Phenoxyacetic acid is a compound 
which differs from phenylacetic acid in that there is an ether linkage 
between the benzene ring and the aliphatic side chain (CgHs;—O—CH,— 
COOH). It was of interest to determine the biological behavior 
of phenoxyacetic acid and some of its higher homologues. 

When glycine is fed to the rabbit with phenylacetic acid, the rate of 
excretion as the conjugation product, phenaceturic acid, is increased. 
If phenoxyacetic acid were conjugated with glycine, as is phenylacetic 
«id, the administration of glycine with the acid should increase both the 
extent of conjugation and the rate of excretion of the conjugate. No 
eidence of conjugation with glycine was obtained either when the acid 
was fed alone or with glycine. No evidence of conjugation with glucuronic 
wid could be obtained. The o- and p-monochlorophenoxyacetic acids 
were also studied. The halogen derivatives are of interest in view of 
the use of the dichloro derivative of phenoxyacetic acid as a weed killer 
in agriculture. The activity of phenoxyacetic acid and its monochloro 
derivatives as plant hormones has been studied by Zimmerman (2). 

In his studies on biological oxidation of fatty acids (3), Knoop employed 
fatty acids in which a phenyl group was substituted in the carbon chain 
at the w- or terminal carbon atom, and from these observations developed 
the well known theory of 8 oxidation. Carter (4) has also used similarly 
wbstituted fatty acids to study the mechanism of fatty acid oxidation. 
The failure of oxidation of phenoxyacetic acid might make this compound 
df value in the study of the oxidation of its higher homologues, y-phe- 
noxybutyric and e-phenoxycaproic acids, since 8 oxidation of these acids 
should result in the formation of phenoxyacetic acid which escapes further 
wdation. These homologues of phenoxyacetic acid were synthesized 


*Present address, Wayne County General Hospital, Eloise, Michigan. 


| 
| 
| 
| 
213 


214 METABOLISM OF PHENOXYACETIC ACIDS 


and fed to rabbits. The unchanged acids could not be found in the urine, 
but phenoxyacetic acid could be isolated from the urine by the formation 
of the S-benzylthiuronium salt. Since phenoxyacetic acid could originate 
only from the oxidation of the acids fed, the experiments afford new eyj. 
dence of the 8 oxidation of fatty acids. 


EXPERIMENTAL 


Compounds Used—Phenoxyacetic acid and the o- and p-monochloro. 
phenoxyacetic acids were obtained through the courtesy of Mr. W. M. 
Alles of the Dow Chemical Company, to whom we wish to express our 
appreciation of his cooperation. The purity of these acids was established 
by the determination of their melting point and of their neutral equivalents, 
y-Phenoxybutyric acid was synthesized by the method of Bentley, Haworth, 
and Perkins (5), and ¢e-phenoxycaproic acid by the method of von Braun 
(6). The e-phenoxycaproic acid, even after three recrystallizations from 
petroleum ether, melted at 55-56° (uncorrected), a melting point definitely 
lower than that of 71°, as reported by von Braun. 

Since it was anticipated that if phenoxyacetic acid were conjugated with 
glycine, the conjugated acid, phenoxyacetylglycine,! would be excreted, 
it was necessary to prepare this acid whose synthesis has not been carried 
out previously, so far as is known to us. Phenoxyacetyl chloride was 
prepared by the action of thionyl chloride on phenoxyacetic acid (7). 
The acid chloride was then coupled with glycine by the usual Schotten- 
Baumann procedure. No difficulties were encountered in the synthesis. 
After repeated recrystallization from hot water and drying over phosphorus 
pentoxide, the acid melted at 115-116° (uncorrected), had a neutral equiva- 
lent of 204.6 and 208.2 (theoretical 209), and a nitrogen content of 6.8 
per cent (theoretical 6.69 per cent). 

In previous studies from this laboratory (8), we have found the S-benzyl- 
thiuronium salts of value in the identification of derivatives of fatty 
acids present in urine. We have prepared these salts of the acids with 
which we are concerned in the present investigation, applying the con- 
ditions for their preparation which are outlined by Donleavy (9). Since, 
to our knowledge, the preparation and properties of these particular 
salts have not been described, we are presenting the melting points and 
nitrogen contents of the derivatives of the pure acids, as well as of those 
isolated from the experimental urines in Table I. For the isolation and 
characterization of phenoxyacetic acid and related compounds from 
urine, the acidified urine has been extracted by ether in a continuous 
extractor, and the ether has been removed from the extract by evaporation. 

1The name, ‘‘phenoxyaceturic acid,” will be used for convenience throughout 


this discussion in place of phenoxyacetylglycine. This nomenclature is similar 
to that of phenaceturic acid for phenylacetylglycine. 
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The residual material was neutralized by sodium hydroxide, the sodium 
salts were dissolved in hot alcohol, and the salts were precipitated as 
described (8, 9). The derivatives prepared from the ether extracts of 
urine were usually of satisfactory purity after one recrystallization (S). 


Taste I 
Analyses and Melting Points of S-Benzylthiuronium Salts of Phenoryacetic Acid, 
o- and p-Monochloroprenoryacetic Acids Prepared from Pure Acids and Isolated 
from Experimental Urines 
In all the experiments mixed melting points of the salts isolated from the experi- 
mental urines and of the salts of the pure acid were determined also. No depres- 
sion of the melting points were observed. All melting points are uncorrected. 


Acid fed Isolated as acid fed Nitrogen 
Mp. 
| @) |= x 100 Found | 
mg. mg. per cent) per cent 
A. Pure compounds 
Phenoxyacetic 170 8.82 | 8.83 
o-Chlorophenoxyacetic 159 -159.5 | 7.99 | 8.09 
p-Chlorophenoxyacetic 1835-184 7.99 | 8.09 
y-Phenoxy butyric 139 -140 
B. Isolated from urine 
Phenoxyacetic 560 | 286 51 170 
“ 700 | 340 48 170 
- 600 | 257 43 170 -I71 8.73 | 8.83 
o-Chlorophenoxyacetic 400 | 216 54 158 8. 8.09 
300 | 133 44 158 -159 
p-Chlorophenoxyacetic 486 | 193 41 183-154 
300 | 106 35 183 -184 7.94 | 8.09 
y-Phenoxybutyric 400 44° 13t 170 8.72 | 8.83 
350 40 l4t 169 
” 500 | 160 38t 170 8.73 | 8.83 
e-Phenoxycaproic 420 | 145° 23t 169 8.62 | 8.83 
420 125 20t 170 8. 8.83 


*Carbon and hydrogen determinations made on these salts showed 60.39 and 
0.55 per cent of carbon and 5.77 and 5.93 per cent of hydrogen on the respective 
samples indicated. Theoretical for the salt of phenoxyacetic acid, 60.31 and 5.66 
per cent of carbon and hydrogen respectively. 

t The salt obtained was the salt of phenoxyacetic acid, as shown by the melting 
points and analyses. The percentage is calculated as the percentage of the phen- 
oxyacetic acid which could be derived by oxidation of the amount of acid fed. 


Methods of Analysis—Since phenoxyaceturic acid was a possible urinary 
component after the administration of phenoxyacetic acid, it was necessary 
to study methods for its determination. In the Griffith method for the 
determination of the similar compound, hippuric acid, the acidified urine 
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is extracted with ether and the nitrogen content of the extract is determined 
as a measure of the hippuric acid content after the destruction of any 
extracted urea by the use of hypobromite (10). We have found that 
phenoxyacetie acid added to normal rabbit urine may be satisfactorily 
recovered (97.6, 98.1, and 99.0 per cent in three consecutive tests) jn 
this way. It was also desirable to determine total phenoxyacetie aeid 
in urine. The procedure used by Kingsbury and Swanson (11) for the 
estimation of total benzoic acid, when applied to phenoxyacetie acid, 
resulted in the formation of some substance (presumably a nitrophenol 
derivative) which was not completely extracted by the chloroform and, 
in addition, was only partially reextracted from the chloroform by the salt 
solution. The yellow color of this material interfered with the titration 
of the chloroform extract with alkali. 

A colorimetric procedure was developed which was based on the oxidative 
cleavage of phenoxyacetic acid by nitric acid to yield a dinitrophendl, 
The intensity of the color of the sodium salt of dinitrophenol was measured 
with the aid of the Evelyn photoelectric colorimeter. 

The 6 or 18 hour specimens of rabbit urine were diluted to 100 and 
200 ml. respectively, and 5 ml. of this diluted urine were further diluted 
to 500 ml. 2 ml. of the urine as finally diluted were placed in a micro- 
Kjeldahl flask calibrated at 12 ml. A glass bead was added and the con- 
tents of the flask were reduced nearly to dryness by heating, preferably 
on a Kjeldahl micro digestion rack. Heating was stopped just before 
the last drop of liquid disappeared from beneath the bead. 3 ml. of con- 
centrated nitric acid were added and the acid was evaporated by heating 
on the rack until a small amount of acid remained in the flask. It was 
necessary to exercise caution at this point, since, if the residue was allowed 
to become entirely dry, the contents sometimes exploded and low results 
were obtained. After cooling, 5 ml. of distilled water were added, followed 
by 3 ml. of 25 per cent sodium hydroxide. After dilution to the mark 
with distilled water and careful mixing, the intensity of the color which 
developed immediately was measured in an Evelyn photoelectric color- 
imeter (Filter 420). The readings were converted to mg. with the aid 
of a calibration curve, obtained by the use of the above procedure with 
2 ml. of normal diluted rabbit urine to which known amounts of phenoxy- 
acetic acid had been added. Aqueous solutions of the acid could not be 
used in the establishment of the calibration curves, since there was present 
in rabbit urine some substance, in the presence of which the color of the 
sodium salt of the dinitrophenol was intensified. By the use of this 
procedure, it was possible to recover from 93 to 99 per cent of added 
phenoxyacetic acid. Similar calibration curves were prepared for the 
monochloro derivatives, for phenoxyaceturic acid (which gave, as expected, 
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essentially the same values as phenoxyacetic acid), and for y-phenoxy- 
butyric acid. With the monochloro compounds, it was necessary to use 
fuming nitric acid to split the ether linkage. 

Glucuronic acid was determined colorimetrically by the procedure 
already described from this laboratory (8) with the use of the photoelectric 
colorimeter. Creatinine was determined as a check on the completeness 
of the collection of the sample, but the results are not recorded. 

Experimental Procedure—Male rabbits of 2 to 3 kilos of body weight, 
maintained on constant diets of oats and cabbage, served as experimental 
animals. Urine was collected by gentle pressure on the bladder and was 
separated into 6 and 18 hour fractions. The sodium salts of the acids 
in aqueous solution were fed by stomach tubes. Phenoxyacetie acid was 
first fed at a level of 200 mg. per kilo, but later a somewhat smaller dosage 
of 100 mg. per kilo was fed. When glycine was also administered, it was 
given in amounts corresponding to three equivalents of the acid fed. 

Since, so far as is known to us, reports of the toxicity of the monochloro 
derivatives of phenoxyacetic acid are not available, preliminary experi- 
ments with these acids were carried out. Male white rats, 200 gm. in 
weight, received approximately 200, 400, and 800 mg. per kilo orally for 
3 consecutive days with no signs of toxicity. The animals consumed 
their daily food rations completely. Rabbits which received p-mono- 
phenoxychloroacetic acid at the 200 mg. per kilo level showed a marked 
hematuria and proteinuria which persisted for approximately 72 hours 
after the feeding. In subsequent feeding experiments with rabbits, the 
monochlorophenoxyacetic acids were fed at a level of 125 mg. per kilo 
(equivalent to 100 mg. of phenoxyacetie acid). 


DISCUSSION 


The results of the experiments in which phenoxyacetic acid was fed may 
be summarized as follows. There was no evidence that phenoxyacetic 
uid was conjugated to a significant degree with either glucuronic acid 
or with glycine (even when extra glycine in considerable amounts was 
supplied in the diet). These results, as far as conjugation with glycine 
to give phenoxyaceturic acid is concerned, are in harmony with the limited 
earlier and essentially qualitative experiments with man (12, 13) and the 
dog (13). The excretion of “total” phenoxyacetic acid by the kidneys 
was rapid, 60 per cent of the amount ingested being excreted within 6 
héurs (range, 44 to 72 per cent in nine experiments), and 96 per cent in 
4 hours (range, 82 to 105 per cent). It is of interest to compare the rate 
excretion of phenoxyacetic acid with that of phenylacetic acid in the same 
Species, even though the dose per kilo was significantly greater in the experi- 
ments with the latter (1). The excretion of phenylacetie acid, both total 
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218 METABOLISM OF PHENOXYACETIC ACIDS 
and combined as phenaceturic acid, was slow and the excretion continued - 
over a period of several days. Hl 
It was also possible to isolate phenoxyacetic acid from the experimental seid 
urines as the S-benzylthiuronium salts? by the procedure already discussed. to 7 
As shown in Table I, from 43 to 51 per cent of the acid fed could be isolated —_ 
thus as a derivative of satisfactory purity, as shown by melting points | oid 
and analyses for nitrogen. eatic 
When o-monochlorophenoxyacetic acid was fed either with or without yield 
glycine, there was no evidence of conjugation, and. prompt excretion that 
by the kidneys was observed, 7.e. in four experiments from 50 to 72 per repre 
cent of the acid administered in 6 hours. These results are similar to those | Al 


obtained-with the unsubstituted phenoxyacetic acid and are in sharp 

contrast to the results obtained after the oral administration of the isomeric 
p-monochlorophenoxyacetic acid. Here also no conjugation was observed, 

but the excretion in the first 6 hours was so low (13 to 15 per cent of the 
administered acid in four experiments) that the values approached the 

lower limits of accuracy of the analytical procedures used. With the 

dosage used (125 mg. per kilo) there were no signs of toxicity, although 

the possibility of delayed absorption from the intestine or renal injury 

as factors in the lower rate of excretion cannot be ruled out. In the 24 

hour period the total excretion was essentially the same for both the mono- 

chloro acids, an excretion corresponding to 70 to 90 per cent of the amount 
administered. It was possible to isolate each of these acids from the ex- 

perimental urines as the SBT salts. The data are presented in Table I. 

Since it was shown that phenoxyacetic acid was excreted unchanged, 
: it was of interest to determine whether the higher homologues of phenoxy- 
acetic acid would be excreted unchanged or whether, by oxidation of the 
side chain, they would be converted to lower homologues or to phenoxy- 

acetic acid itself. When y-phenoxybutyric acid was fed with orwithout 

glycine, the rate of excretion of metabolic products was similar to that 

observed after phenoxyacetic acid (53 and“58 per cent in 6 hours in two 
experiments), with no evidence of conjugation with either glycine or 

glucuronic acid. That oxidation to yield phenoxyacetic acid had occurred 

was shown by the isolation of the SBT salt of phenoxyacetic acid from 

the experimental urines. As shown in Table I, the amounts of the salt 

isolated in three experiments were equivalent to 13, 14, and 38 per cent 

of the theoretical amount of phenoxyacetic acid which could be obtained 

by 8 oxidation of the y-phenoxybutyriec acid fed. Histo 

After ephenoxycaproiec acid had been fed to two rabbits, 20 and B | gig ia 

per cent of the theoretical amount of the SBT salt of phenoxyacetic acid | g (14) 

was obtained from the urine. Melting points, mixed melting points, and 8 purifie 


* For convenience, these salts will be referred to hereafter as SBT salts. 
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analyses for nitrogen were satisfactory (Table I). However, as added proof, 
one sample of the phenoxyacetic acid salt isolated after the administration 
of y-phenoxybutyric acid and one sample obtained after e-phenoxycaproic 
acid were analyzed for carbon and hydrogen, as shown in the foot-notes 
to Table I. All the evidence indicates clearly that the oxidation, pre- 
sumably 8 oxidation, of the acids has occurred, and that the product of 
oxidation, phenoxyacetic acid, is excreted in the urine. Since the prepa- 
ration of the SBT salts of other acids from urine has been estimated to 
yield from 50 to 60 per cent of the theoretical amount (8), it is believed 
that the amount of phenoxyacetic acid actually present in the urine 
represents a significant proportion of the acid fed. 

Although no conjugation of phenoxyacetic acid with glycine was ob- 
served, it was of interest to study the fate of the potential conjugation 
product, phenoxyaceturie acid, which we had synthesized as already 
described. The acid was administered orally or subcutaneously to rabbits 
in amounts equivalent to 100 mg. of phenoxyacetie acid per kilo and the 
total phenoxyacetic acid and the phenoxyacetic acid as phenoxyaceturic 
acid were determined in the 6 and 18 hour urines. The difference between 
total and conjugated phenoxyacetic acid was an index of the amount 
of phenoxyaceturic acid hydrolyzed. With two exceptions (one oral 
and one subcutaneous administration), significant hydrolysis was observed, 
ahydrolysis which was greater in the 18 hour samples than in the 6 hour. 
That this hydrolysis was not due to the activity of the intestinal microflora 
was shown by the observation that in four experiments with subcutaneous 
injection hydrolysis was observed in three of the four urines collected 
after 6 hours and in all four of the 18 hour specimens. From the urine 
of one animal which had received 500 mg. of phenoxyaceturic acid orally, 
the equivalent of 108 mg. of phenoxyacetic acid was isolated as the SBT 
alt. This corresponded to about 30 per cent of the phenoxyacetic acid 
which could be obtained by complete hydrolysis of the phenoxyaceturic 
wid fed. The melting point, mixed melting point, and nitrogen content 
8.75 per cent) corresponded to those of known samples of the SBT salt of 
phenoxyacetic acid. 

The hydrolytic cleavage of phenaceturic acid observed was not due to 
changes in the urine after voiding. When urine samples containing 
phenaceturic acid were incubated at room temperature, hydrolysis was 
aight, less than 6 per cent in 24 hours. A similar study of hippuric acid 
i urine showed a hydrolysis of more than 40 per cent in two experiments. 

Histozyme, a non-specific enzyme, which effects the hydrolysis of hippuric 
aid, is known to occur in certain animal tissues, notably the kidney. 


80 (14) has observed that phenaceturic acid was readily hydrolyzed by 


‘purified histozyme preparation from pig liver, less readily by a similar 
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preparation from pig kidney. We have prepared partially purified his. 
tozyme (acetone-dried preparations) from rabbit kidney by the method 
of So (14) and have studied its action on hippuric and phenoxyaceturie 
acid in parallel experiments. 

Hippuric or phenoxyaceturic acid was determined by the use of the 
Griffith method (10) before and after incubation. The decrease after 
incubation represented the amount hydrolyzed. The details are presented 


Taste Il 
Hydrolysis of Hippuric and Phenoryaceturic Acids by Histozyme of Rabbit Kidney 
Test solutions included 25 ml. of phosphate buffer (pIl 6.8), 200 mg. of enzyme 
powder,* and the amount of substrate indicated. The mixed materials were diluted 
to 50 ml. with distilled water. A small erystal of thymol was added, and-the solu. 
tion was incubated for 24 hours at 36-37°. Blank values have been subtracted. 


Experiment No. | Time Substrate Hydrolysis 

0 Hippuric acid 108.0 

24 18.3 
2 0 Phenoxyaceturic acid 

3 0 Hippurie acid |. ii 4 

4 0 Phenoxyaceturic acid | 100.8 | 

a4 06.7 33.8 
5 0 | Hippuric acid | 143.4 

6 Phenoxvaceturic acid 147.4 

7 Hippuric acid 

122.8 | 7.1 
0 | Phenoxvaceturice acid 76.3 

24 7.3 37.2 


* Two histozyme preparations were used; Preparation | in Experiments 1 and 
2, and Preparation 2 in the other experiments. 


in Table II. Preparation | of the kidney powder was more effective it 
the hydrolysis of both hippuric and phenoxyaceturic acid than was Prepa- 
ration 2, which hydrolyzed hippurie acid very slightly. However, i 
each of the four sets of experiments, the extent of hydrolysis of phenoxy- 
aceturic acid was clearly greater than was that of hippurie acid. The 
data suggest that the hydrolysis of phenoxyaceturie acid, observed after 
both oral and parenteral administration, may be related to the activity 
of the histozyme of the kidney. It is, of course, possible that similar 
enzymatic activity may be associated with other organs. 
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SUMMARY 


The S-benzylthiuronium salts of phenoxyacetie acid and some of its 
derivatives and homologues have been prepared and their properties 
described. These salts have been useful for the identification of the 
phenoxy acids and their products of metabolism in urine. Phenoxy- 
acetylglycine (“‘phenoxyaceturic’” acid) has been synthesized. When 
this compound was fed or injected into rabbits, some hydrolysis occurred, 
as evidenced by the excretion of phenoxyacetic acid in the urine. The 
presence of an enzyme which hydrolyzed phenoxyaceturie acid more readily 
than hippuric acid was demonstrated in “histozyme”’ preparations from 
rabbit kidneys (acetone-dried tissue). 

When phenoxyacetic and o- and p-monochlorophenoxyacetie acids 
were fed to rabbits, they were excreted in the urine. No evidence of con- 
jugation with either glycine (phenoxyaceturic acids) or glucuronie acid 
was obtained. 

When y-phenoxybutyric acid and ephenoxyeaproic acid were fed, 
only phenoxyacetic acid was isolated from the urine. This is further 
evidence in support of the Knoop theory of 8 oxidation of fatty acids, 
since the phenoxyacetie acid is believed to be derived from the higher 
homologues by 8 oxidation. 
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BY FRACTIONAL AMMONIUM SULFATE PRECIPITATION 
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(From the Departments of Neurology and Biochemistry, 
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It has been shown that nerve and muscle tissues contain an esterase 
easily distinguished from all other esterases by its high relative specificity 
for acetylcholine (10). This enzyme, cholinesterase, is present in all types 
of nerves and muscles throughout the animal kingdom, and has been found 
in the heads of Tubularia, a hydrozoan coelenterate, the lowest animal form 
to possess neuromuscular tissue comparable to that of higher animals (5). 
Substances which are inhibitors of the enzyme also abolish conduction in 
nerve and muscle (2). This abolition is reversible when the enzyme inhi- 
bition is also reversible, whereas irreversible inhibition of the enzyme is 
paralleled by irreversible inhibition of conduction. A striking parallelism 
has been obtained between the behavior of the chemical and electrical 
processes if their irreversibility is tested as a function of time and tempera- 
ture (3, 4, 6). In connection with a great number of other facts, the 
evidence appears to be conclusive that the activity of cholinesterase is 
inseparably associated with the conduction of impulses along nerve and 
muscle fibers (7, 8). 

It is obvious that an enzyme of such apparent importance in the 
functioning of nerve and muscle is of great interest and that more infor- 
mation is desirable concerning its chemical and physicochemical properties. 
It is useful to obtain the enzyme in purified form in order to facilitate 
detailed studies concerning its chemical and physicochemical properties. 
In this paper will be described a procedure by which cholinesterase of a 
high degree of purity has been obtained by fractional ammonium sulfate 
precipitation of extracts from the electric organ of Electrophorus electricus. 
The same procedure always yields nearly identical results. Studies of the 
physicochemical properties of the enzyme will be reported in subsequent 
papers. 

Electric tissue has been selected because it splits per hour amounts of 
acetylcholine equivalent to 1 to 3 times its own weight. This extra- 
ordinarily high concentration of the enzyme is particularly interesting in 
view of the low protein (2 per cent) and high water content (92 per cent). 
It is rare to find a material which offers itself so favorably as a source for 


*This work was made possible by a grant of the Josiah Macy, Jr., Foundation. 
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enzyme purification. It was found, in 1938, that cholinesterase may be 
easily extracted from these organs and obtained in cell-free solution by 
homogenization and centrifugation (9). Certain properties of this enzyme 
have been described. It has also been shown that the esterase in these 
organs is exclusively specific cholinesterase (10). 


Methods 


The manometric method was used for the determination of the enzyme 
activity in the usual way (10). The buffer solution in the vessel contained 
0.13 Mm NaCl, 0.04 wm MgCh, and 0.025 m NaHCO, in final concentration. 
The substrate was placed in the side bulb in 0.1 ce., its final concentration 
after mixing being 0.018 mM. If the enzyme solution was diluted to a very 
high degree, gelatin was added (0.1 per cent final concentration), since it 
was found that the enzyme in high dilution becomes unstable. 

The protein content was determined by drying and weighing. 1 ce. of 
the enzyme solution was put into a small centrifuge tube of 3 cc. capacity 
and of known weight (between 4.0 and 4.5 gm.). 1 ce. of 20 per cent tri- 
chloroacetic acid was added. The precipitate was left to settle overnight. 
The tube was centrifuged at 4000 r.p.M. for about LO minutes and the super- 
natant was discarded. The precipitate was washed twice with 2 ce. of 
distilled water. After the supernatant of the second washing had been 
removed, the tube was kept in a drving oven at 110° and weighed on the 
following day. 

The dialvsis of the purified cholinesterase solutions was carried out in the 
following manner: The enzyme, after solution in secondary phosphate plus 
phosphate buffer, was poured into a bag made of cellophane casing, a 
small glass bead was added, and the open end then tied. Allowance was 
made for a sufficiently large air bubble to cause stirring of the solution. 
The cellophane bag was then attached to an eccentric stirrer and immersed 
ina3liter jar. The stirrer was rotated by means of a small gear reduction 
motor. 

For the Ist day dialysis was carried out against 0.1 a Na,HPO,. The 
outer dialysis fluid was changed every 1} hours. In all six to seven changes 
of secondary phosphate (3 liters each) were used. The outer dialysis fluid 
was changed to 0.1 m NaCl, 0.015 m MgC, 0.015 m phosphate buffer, pH 
7.4, in the final change. 

During the 2nd and 3rd days, the dialysis was continued against the 
latter solution, changes being made every 2 hours. In all, six to seven 
changes were made each day. 


Results 


Preparation of Material—The electric organ contains an appreciable 
amount of mucin (1), which proved to be most disturbing in earlier attempts 
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at purification of cholinesterase extracted from this tissue. It could, how- 
ever, be easily removed in the following manner: the tissue was cut into 
small pieces and allowed to remain in the refrigerator under toluene for 1 
month. Each day there appears some exudate which has a high mucin 
content. ‘The exudate is discarded periodically and finally, at the end of 4 
to 5 weeks, the tissue contains very little mucin. 

In the preparation to be deseribed here, 10.05 kilos of electric tissue from 
nine electric cels (Electrophorus clectricus) were treated in the way 
mentioned above. At the end of | month, 6.44 liters of exudate had been 
removed. The remaining 3.6 kilos of tissue were ground in a Waring 
blendor with 9.2 liters of 5 per cent ammonium sulfate. During the first 
grinding, 250) cc. of ammonium sulfate were added to each LOO gm. portion 


I 
Cholinesterase Activities and Protein Contents of Solutions Obtained during Purifi- 
cation of Enzyme from Electric Tissue of Electrophorus electricus 
The last column indicates the enzyme activity per unit of protein (Ap = mg. of 
acetylcholine split per hour per mg.of protein). Preparation 8 has been obtained by 
high speed centrifugation of a solution similar to Preparation 7. 


Preparation No. Dilution used CO» output | ACh split | Protein Ap 
| | cmm. per hr. | gm. per cc. per hr. mg. per ce. 
1 | 1:300 | 392 0.950 3.3 288 
2 | 121,200 | 360 3.5 8.0 438 
3 1:5,000 301 12.2 4.3 2,810 
4 1:10,000 4.9 3,630 
5 1:10,000 368 29.8 | 6.1 4,890 
6 442 = | 4.8 7,460 
7 1:20,000 42 -| 23 21,400 
8 1:200 | $23 524.0 | 7.0 75,000 


| 


of tissue. The second extraction was carried out with two-thirds the 
volume of the first extraction. In this way, 10.24 liters of solution were 
obtained. The enzyme activity and the protein content of this solution and 
of those obtained during the course of purification are recorded in Table I. 
lec. of this solution was able to split 0.95 gm. of acetylcholine per hour 
(Table 1, Preparation 1). The total amount of solution prepared was then 
able to split 9.7 kilos of acetylcholine per hour. 1 mg. of protein of this 
solution could split 288 mg. of acetylcholine per hour. The activity of the 
preparation per unit of protein will be called Ap. In this instance Ap was 
consequently 288. 


Purification of Cholinesterase Solution 


First Step of Purification—Solid ammonium sulfate was added to the 
10.24 liters of solution in sufficient quantity to make the concentration of 
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ammonium sulfate 15 per cent. The precipitate formed was centrifuged 
and discarded, since it was known that at a concentration of 15 per cent 
ammonium sulfate only negligible amounts of cholinesterase are precipi- 
tated. To the supernatant solution was added solid ammonium sulfate 
to increase the concentration to 40 per cent. The precipitate was filtered 
by suction. The filter paper was comminuted and suspended in 1350 ee, 
of 5 per cent ammonium sulfate. The pH was adjusted to7.1. The paper 
was filtered off through gauze and washed first in 750 cc. of 5 per cent 
ammonium sulfate (pH 7.0) and then a second time in 400 cc. of 5 per cent 
ammonium sulfate. Each of these washings was then combined with the 
original solution. 

2.54 liters of solution were obtained in this way. 1 cc. was able to split 
3.5 gm. of acetylcholine per hour. The activity of the whole amount was 
8.9 kilos. The Ap was 438 (Table I, Preparation 2). The solution was 
centrifuged at 2000 r.p.m. for 13 minutes to remove the mucin-like 
substance floating in the solution. The enzyme activity was unaffected by 
this operation. About one-half of this solution, 1.25 liters, was precipitated 
by the addition of sufficient saturated ammonium sulfate to bring the con- 
centration up to 19 per cent. At this concentration of ammonium sulfate 
some loss of cholinesterase occurs, but, at the same time, much of the pro- 
tein is removed and a considerable degree of purification is obtained. The 
pH was adjusted to 5.82. The solution was left in the refrigerator over- 
night in order to allow the precipitate to digest and settle. The precipitate 
was centrifuged at 2000 r.P.m. in an anglehead centrifuge and washed first 
with 450 cc. and then with 300 cc. of 19 per cent ammonium sulfate (pH 
5.82). The washings were combined. The supernatant fluid and washings 
were precipitated separately at 29 per cent ammonium sulfate by the addi- 
tion of saturated ammonium sulfate (pH 5.62). Most of the enzyme is 
precipitated at this concentration of ammonium sulfate at the slightly acid 
pH used. 

The solution was then centrifuged at 2000 r.p.m. The supernatant was 
discarded. Three-fourths of the protein was dissolved in 113 cc. of 5 per 
cent ammonium sulfate (pH was adjusted to 7.3). The remaining fourth 
of the total protein was dissolved in 25 cc. of 0.1 mu NaCl, 0.015 m MgCh, 
0.015 m phosphate buffer, pH 7.4, plus 5 cc. of 0.1 m Na,HPO,. This 
solution was dialyzed for 3 days. At the end of the dialysis 52 ce. of 
solution were obtained. 1 cc. of this solution was able to split 12.2 gm. 
of acetylcholine per hour. The activity of the whole amount was 634 
gm. of acetylcholine per hour. The Ap was 2810 (Table I, Preparation 
3). 

The remaining 1160 cc. of solution with an Ap of 438 were precipitated 
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successively at 19 and 29 per cent ammonium sulfate and treated in a 
manner similar to the previous fraction. The precipitate obtained at 29 
per cent was dissolved in 120 cc. of 5 per cent ammonium sulfate and 
combined with the corresponding solution of the first fraction in which 
three-fourths of the protein had been dissolved in 113 cc. of 5 per cent 
ammonium sulfate. The volume of the two solutions combined was 300 
ec., 1 ec. of which was capable of splitting 17.8 gm. of acetylcholine per 
hour. The activity of the whole volume was 5.3 kilos. Ap was 3630 
(Table I, Preparation 4). 

Second Step of Purification—This solution was precipitated with 19 per cent 
ammonium sulfate (pH 5.83). The precipitate was allowed to settle for 2 
hours, was centrifuged at 2000 r.p.m., and the precipitate discarded. To 
the supernatant was added saturated ammonium sulfate to 28 per cent 
(pH_ 5.57). The precipitate was centrifuged on the next day and dis- 
solved in 100 cc. of 5 per cent ammonium sulfate (pH 7.0). 148 cc. of a 
solution were obtained and were able to split 29.8 gm. of acetylcholine per 
hour percc. The activity of the whole volume was 4.41 kilos. Ap was 4890 
(Table I, Preparation 5). 

40 cc. of this solution were precipitated at 28 per cent with saturated 
ammonium sulfate (pH 5.66). The precipitate was allowed to remain in 
the refrigerator overnight to settle and then centrifuged at 5000 r.p.m. for 
15 minutes. The precipitate was dissolved in 6 cc. of 0.1 a NaCl, 0.015 m 
MgCl., 0.015 m phosphate buffer, pH 7.4, plus 6 cc. of 0.1 m Na,HPQ,. 
17 ec. of this solution were dialyzed for 3 days. 19 cc. of a solution were 
obtained. 1 cc. of this solution was able to split 35.8 gm. of acetylcholine 
per hour. The activity of the whole volume was consequently 680 gm. 
A, was 7460 (Table I, Preparation 6). 

Third Step of Purification—105 cc. of solution with Ap 4890 were precip- 
itated at 20.5 per cent ammonium sulfate and centrifuged at 5000 r.p.m. 
after 3 hours. The supernatant was saved and the precipitate was washed 
three times with 30 cc. of 20.5 per cent ammonium sulfate (pH 6.2). The 
supernatant and washings (kept separated from the supernatant) were 
precipitated at 27 per cent with saturated ammonium sulfate. The pre- 
cipitate was centrifuged at 3500 r.p.M. in the refrigerated centrifuge at 10°. 
The combined precipitates were dissolved in 35 cc. of 1 per cent ammonium 
sulfate. 

The above solution was then precipitated at 27 per cent with saturated 
ammonium sulfate (pH 5.61) and allowed to remain in the refrigerator for 
Shours. This was centrifuged in the cold centrifuge as above, and the 
precipitate dissolved in 7.5 cc. of 0.1 m NaCl, 0.015 m MgCh, 0.015 
phosphate buffer, pH 7.4, plus 7.5 cc. of 0.1 m Na,HPO,. The solution 
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was dialyzed for 3 days. ‘This and the other dialyzed solutions were used 
for ultracentrifuge studies, which will be described elsewhere. 

28.5 ec. of solution were obtained. 1 ec. was able to split 49.2 gm. of 
acetylcholine per hour. The activity of the whole amount was 1.40 kilos, 
Ap was 21,400 (Table I, Preparation 7). 

Specificity Pattern ef Purified Cholinesterasce—It the rates of hydrolysis of 
different esters by a solution of cholinesterase purified from electric tissue 
are tested, it is found that the same pattern is obtained as with the freshly 
prepared suspension (10). The highest Ap at which the pattern was pre- 
viously tested was 3000. It appeared of interest to see whether or not a 
still higher degree of purification affects the pattern observed earlier. In 
Table IT the data obtained with preparations of an increasing degree of 


Il 
Specificity of Cholinesterase from Electric Tissue of Electrophorus electricus, Tested 
by Rate of Hydrolysis of Different Esters, in Course of Purification 
qx = the hydrolysis rate of Substrate x in per cent of that of acetylcholine. 
Pr = propionyleholine, Bu = butyrylcholine, Me = acety!-8-methylecholine 
(mecholyl). ¢ of benzoylecholine, tributyrine, and methylbutyrate was always 0. 


Ap ACh split — 
ePr qBu qMe 
c.mm. per kr. 

270 335 “7 l 22 
1, 365 311 3 31 
2,500 320 109 | 18 
l | 21 


75,000 5M 10s 


purity are summarized. ‘The solution with an Ap of 21,000 was an enzyme 
solution prepared by fractional ammonium sulfate precipitation, as de- 
scribed above. 

If an enzyme solution purified in this way is centrifuged at high speed, 
the enzyme is found in the pellet. One of the solutions obtained from a 
pellet suspension after ultracentrifugation at 48,000 r.p.. was capable 
of splitting 525 gm. of acetylcholine per cc. per hour and had a protein 
content of only 6 to 7 mg. per cc., the Ap thus being at least 75,000. Since 
this solution appeared to have only one component in an analytical ultra- 
centrifuge run,it seems quite probable that this is virtually the pure enzyme 
and that the pattern found is consequently that of the pure cholinesterase 
of the material used. As can be seen from Table IT, all the solutions tested 
have a pattern virtually identical with that of the homogenized suspension. 
Consequently, the pattern found is that of the pure cholinesterase of the 
material used. 
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DISCUSSION 


The results described show that a high degree of purity of cholinesterase 
may be easily obtained by fractional ammonium sulfate precipitation once 
the mucin present in the electric tissue has been removed. A great part 
of the protein which is not cholinesterase protein may be precipitated by 
the ammonium sulfate up to a concentration of 21 per cent, whereas most 
of the enzyme protein remains in solution. Thereafter, ammonium sulfate 
at concentrations up to 27 per cent precipitates practically all of the cho- 
linesterase protein, leaving the other proteins in solution. If the original 
solution obtained aiter the removal of the mucin is precipitated with 
ammonium sulfate at 21 per cent, a great part of cholinesterase is pre- 
cipitated simultaneously and would be lost. Also, if the original solution 
is precipitated by ammonium sulfate at a concentration of 27 per cent, 
many other proteins would be precipitated simultaneously and the degree 
of purity obtained would be much lower. Moreover, part of the enzyme 
remains in solution and would be lost. The purification has therefore been 
carried out in several steps in order to avoid the large losses incurred by 
immediate precipitation at these concentrations. 

The precipitation with 40 per cent of ammonium sulfate and filtration 
of the precipitate in the first step were applied only after it had been re- 
peatedly found that centrifugation of the precipitate at this or slightly 
lower concentrations of ammonium sulfate was very difficult with the 
centrifuge available. It is possible that with a more efficient centrifuge 
than that used it would be feasible to separate the precipitate from the 
supernatant fluid. 

It is also important to observe the slight acidification described (pH 5.6 
5.9). At this pH precipitations are more complete. Stronger acidifi- 
cation, however, should be avoided, since the enzyme is aceasta sensitive 
to greater pH changes. 

Ina freshly prepared homogenized suspension of pon tissue of Electro- 
phorus electricus, 1 mg. of protein splits about 50 to 100 mg. of acetylcholine 
perhour (Ap = 50 to 100). Since the Ap rises up to more than 20,000 by 
fractional ammonium sulfate precipitation, a 200- to 400-fold purification 
has been obtained. An Ap of 20,000 means that in spite of the extra- 
ordinarily high concentration of cholinesterase in electric tissue and in 
ite of its low protein content, the enzyme forms less than 0.5 per cent 
d the tissue protein. But even this figure is much too high. By high 
geed centrifugation, the enzyme protein may be further separated from 
wher proteins, indicating that the enzyme protein forms less than 1 per 
thousand of the total. 

Since the amount of enzyme protein is so small in the electrie organ, 
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the high speed of acetylcholine hydrolysis suggests the possibility of 
great efficiency of the enzyme system. Experiments with high speed 
centrifugation carried out in collaboration with Dr. Kurt G. Stern, whieh 
will be described in a separate paper, indicate that the molecular weight 
of the enzyme is in the neighborhood of 3 million and that its turnover 
number is approximately 20 million per minute. Thus, | enzyme molecule 
seems to be able to split 1 molecule of acetylcholine in 3 to 4 millionths of q 
second. If these results can be confirmed by the investigations still ip 
progress, they would be noteworthy not only from a purely biochemical 
view. In the face of the assumption that the release and removal of acetyl- 
choline are associated directly with the electrical manifestations of the 
surface membrane in nerve and muscle, the high potential rate of acetyl- 
choline inactivation is of considerable physiological interest. 


SUMMARY 


A method is described by which a highly purified solution of cholin- 
esterase is obtained from the electric organ of Llectrophorus electricus. 
The mucin present in the organ is removed and fractional ammonium 
sulfate precipitation is used in carrying out the separations. 

In a concentration of ammonium sulfate up to 21 per cent, the enzyme 
protein remains in solution, whereas many other proteins are precipitated 
and may thus be removed. By precipitation with ammonium sulfate at a 
concentration of 27 per cent, the cholinesterase is nearly completely precip- 
itated, whereas other proteins remain in solution at that concentration. 
In this way, an enzyme solution may be obtained in which | mg. of protein 
splits 20,000 to 21,000 mg. of acetylcholine per hour. Since in a freshly 
homogenized suspension of the tissue used 1 mg. of protein splits 30 to 100 
mg. of acetylcholine, the preparation obtained represents a 200- to 400-fold 
purification. The precipitations with ammonium sulfate have to be 
carried out in several steps. 

A further separation of inactive protein from the enzyme protein may be 
obtained by high speed centrifugation. 

The pattern obtained by testing the rate of hydrolysis of different esters 
is typical for cholinesterase and remains unchanged throughout the whole 
process of purification. It is still the same if a higher degree of purification 
is obtained by high speed centrifugation. Thus, the esterase present in 
electric tissue seems to be exclusively cholinesterase. 
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THE PHOSPHORUS-CONTAINING LIPIDES OF THE CARROT* 


By DONALD J. HANAHAN anv I. L. CHAIKOFF 
(From the Division of Physiology, University of California Medical School, Berkeley) 


(Received for publication, January 22, 1947) 


The early literature dealing with plant phospholipides was reviewed in 
1930 by Thierfelder and Klenk (1) and, with the exception of a few of the 
most recent papers (2-5), the work in this field was summarized in 1941 
by Working and Andrews (6). The difficulties in isolating and purifying 
plant phospholipides and in freeing them of sugars, amino acids, etc., are 
brought out in these reviews. Such difficulties are particularly evident in 
plants like the carrot (7-13) that are high in water and low in lipide content. 

The present report deals with the chemical characteristics of the phos- 
phorus-containing lipides of the carrot. ‘Two types are described, differing 
primarily in their choline and nitrogen contents. One type, obtained from 
the raw carrot, was low in nitrogen and low in, or devoid of, choline. The 
other, obtained from steam-treated carrots, was higher in its nitrogen and 
choline content. 


EXPERIMENTAL 
Isolation of Phospholipides from Carrot 

The carrots used throughout were obtained from the University farm 
at Davis' or were purchased in the open market. They were cleaned, 
scraped, and ground. The ground material was then treated with various 
solvents, as described below. 

Two extraction procedures were used; these differed essentially in the 
temperature at which the extraction was carried out and in the type of 
solvent employed. In the first the raw carrots were extracted with an 
alcohol-ether mixture at 55-60°. In the second a slush was first made of 
ground carrots with ethyl ether and the mixture was frozen at —25°. 
This served to rupture the cell membranes, the lipides freed by this pro- 
cedure being dissolved in ethyl ether. 

1. Extraction of Raw Carrot at 55-60°—15 kilos of fresh carrots were 
transferred in portions to round bottom flasks. A sufficient amount of a 
3:1 aleohol-ether mixture was added to give a ratio of 3 cc. of solvent per 


* The subject matter of this paper was undertaken in cooperation with the Com- 
mittee on Food Research of the Quartermaster Food and Container Institute for the 
Armed Forces. The opinions or conclusions contained in this report are those of the 
authors. They are not to be construed as necessarily reflecting the views or indorse- 
ment of the War Department. 

' Kindly supplied by Dr. T. E. Weier and Dr. R. Stocking. 


233 


| 
| 
“4 
| 
t 
53 
uf 
= 
in 


234 PHOSPHORUS-CONTAINING CARROT LIPIDES 


gm. of carrot. The mixture was then refluxed for 18 to 24 hours at 55~90° 
The solvent was decanted and fi'tered. The carrot residue obtained after 
this extraction was subjected to another treatment with 3:1 alcohol-ether 
and both extracts combined. It was then concentrated at 55-60° to 
small volume (about 10 to 100 ec., depending on the water content) under 
reduced pressure (40 to 60 mm. of Hg) in an atmosphere of CO, The 
concentrated material was then reextracted with several volumes of distilled 
petroleum ether (b.p. 30-60°) and the combined petroleum ether extracts 
reduced to a volume of about 10 cc. under reduced pressure in an atmos- 
phere of CO,. To the concentrate so obtained 2 to 3 volumes of acetone 
were then added, and this was followed by the addition of several drops of a 
saturated solution of MgCl, in absolute alcohol. The precipitate that 
formed was washed repeatedly with acetone and then dissolved in a small 
volume of moist freshly distilled ethyl ether. The precipitation procedure 
with acetone and MgCl, was repeated and the precipitate obtained was 
again dissolved in moist ethyl ether. 

2. Extraction of Raw Carrots at Low Temperature—5 kilos of fresh raw 
carrots were ground and portions transferred to a round bottom flask. A 
sufficient amount of freshly distilled ethyl ether was added to give a ratio 
of 3 cc. of solvent per gm. of carrots and the slush intimately mixed by 
swirling. It was then frozen by immersion in an alcohol-solid CO, bath 
(below —25°). The frozen mass plus ether supernatant was then placed 
in a 5° room for 6 hours and allowed to melt. At the end of this period the 
ether supernatant was decanted, fresh ether was added to the residue, and 
the freezing procedure was repeated. The combined ether extracts were 
then concentrated and the residue taken up in petroleum ether. The 
isolation of the phospholipides by precipitation with acetone and MgCh,, as 
described in Section 1 preceding, was then carried out. 

3. Extraction of Steam-Treated, Dehydrated Carrots at 55-60°—Freshly 
scraped carrots were cut into slices } inch thick, placed on wire trays, and 
immediately thereafter exposed in a preheated steam box to live steam for 
5 minutes. The slices were then dehydrated at 60° for 10 to12hours. The 
final material contained less than 10 per cent water. 

In order to extract lipides from the dehydrated carrots, it was found 
necessary to rehydrate them. When the dried material was refluxed 
with alcohol-ether mixtures, ethyl ether, or petroleum ether, no measurable 
amounts of a lipide substance were extracted. 

The dehydrated material was mixed with enough distilled water to 
bring its water content to 20 per cent. The uptake of water was complete 
in 2to3 hours. The rehydrated carrots were first finely ground and then 
extracted four times with a 3:1 alcohol-ether mixture. The extracts were 
combined and the phospholipides isolated after the manner described in 
Section 1. 
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4. Extraction of Steam-Treated Carrots at 55-60°—Freshly scraped 
carrots were sliced and steam treated for 5 minutes. As soon as the slices 
were cool enough to handle, they were finely ground and extracted exactly 
as described in Section 1. 


Test of Extraction Procedure 
In order to determine the extent to which the phosphorus-containing 


I 
Extraction of Phosphorus-Containing Compounds from Raw and Steam-Treated, 
Dehydrated Carrots 
| Alcohol-ether-soluble P Petroleum ether-soluble P 
Fraction No. “a | Total 
Total P* petroleum | Total P* 
soluble 
me. per cent me percent | per cent 
I. 1000 gm., raw I 540 85 20 59 3.0 
ot 90 14 12 35 2.0 
III 4 l 2 6 0.3 
Il. 250 gm. steam- I | 270 64 15 25 4.0 
treated, dehy- II ee, a 4 7 1.0 
drated 4 7 1.0 
vt eis 22 37 5.0 
VI 10 | 2 1 2 0.5 


* The total phosphorus of the carrot was found to be aleohol-ether-soluble. The 
residue obtained after the last extraction contained no significant amounts of 


phosphorus. 
t Carrot residue from Extraction III rehydrated to 20 per cent water, then 


extracted. 
$ Carrot residue from Extraction IV was ground and then extracted. 


lipides can be removed from the raw and dehydrated carrots, the following 
tests were carried out. 

Three successive alcohol-ether (3:1) extracts of the raw carrots were 
prepared after the manner described in Section 1 above. The total phos- 
phorus content and the portion of this phosphorus soluble in petroleum 
ether were determined in each of these three extracts. Phosphorus was 
determined by King’s method (14). The results are recorded in Table I. 

The raw carrots used here contained phosphorus to the extent of 0.65 
per cent of their dry weight, 99 per cent of which was soluble in a 3:1 al- 
cohol-ether mixture. The residue obtained after the three successive 
extractions described above contained about 0.5 per cent of the initial 
amount of phosphorus present in the raw carrot. In addition, saponifi- 
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cation of this residue yielded less than 0.05 per cent “‘lipide” material. 
These results leave little doubt of the completeness of the extraction pro- 
cedure used for the raw carrot. 

A small amount of the raw carrot phosphorus extracted by a 3:1 aleohol- 
ether mixture is soluble in petroleum ether. It umounted to about 5 
per cent of the total phosphorus contained in the carrot or about 0.05 per 
cent of the dry weight of the carrot. 

Since it could not be assumed that heat treatment had not altered the 
solubility properties of the carrot lipides, the extraction procedure was also 
tested in the steam-treated dehydrated carrots. Dehydrated carrot 
chips were rehydrated to bring their water content to about 20 per cent, 
and then extracted with 3:1 alcohol-ether. Six successive alcohol-ether 
extractions were made, as described above, each succeeding extraction 
being made on the carrot residue from the previous extraction. These 
alcohol-ether extracts have been designated Extractions I to VI in Table I. 
After Extraction III, the residue was rehydrated to bring its water 
content to 20 per cent and the extraction continued. The residue from 
Extraction [V was ground before proceeding with the next extraction. The 
phosphorus content was determined on each alcohol-ether extract and on 
each petroleum ether extract prepared from them. The values are re- 
corded in Table I. 

The results obtained show that the extraction procedure used for the 
steam-treated dehydrated carrot is satisfactory for the removal of phos- 
phorus-containing lipides. The residue that remained after six aleohol- 
ether extractions contained about 2 per cent of the total phosphorus present 
in the fresh carrot. Less than 0.1 per cent saponifiable material was found 
in this residue, and this consisted largely of coloring matter. 

It is again evident that the phosphorus of the carrot soluble in petroleum 
ether is small in amount. About 0.5 per cent of the dry weight of the 
carrot was phosphorus, which was completely soluble in 3:1 alcohol-ether. 
But the phosphorus soluble in petroleum ether amounted to only about 
0.07 per cent of its dry weight. 

The amounts of petroleum ether-soluble, acetone-insoluble phosphorus 
(i.e., phospholipide) found in the various batches studied are recorded in 
Table II. The percentages varied from 0.1 to 0.6 per cent of the dry weight 
of the carrot. 


Characteristics and Composition of Petroleum Ether-Soluble, Acetone- 
Insoluble Lipides of Carrot 


More than 90 per cent of the petroleum ether-soluble phosphorus ob- 
tained from both raw and dehydrated carrots was precipitated by acetone 
and MgCl. Four reprecipitations failed to alter its phosphorus content. 
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The isolated phospholipide was an amorphous, almost pasty substance 
that was quite soluble in petroleum ether, ethyl ether, and chloroform; it 
was insoluble in acetone and only slightly soluble in absolute or 95 per cent 
alcohol. The phospholipide obtained from the dehydrated carrot was 
readily emulsifiable by water; that obtained from the raw carrot was not. 

The composition of the various phospholipides extracted from carrots 


js shown in Table III. Choline was determined by Glick’s method (15), 


total nitrogen by the micro-Kjeldahl method, and iodine numbers by the 
Hanus method (16). The total glycerophosphorie acid content and the 
amounts of its a and 3 isomers were determined by Burmaster’s procedure 
(17). The fatty acid content was obtained as follows: the sample was 
saponified with 0.5 N alcoholic alkali, the unsaponifiable matter extracted 
with ethyl or petroleum ether, and the soaps acidified and extracted with 


Taste Il 
Content of Phosphorus-Containing Lipides in Raw and Steam-Treated Carrots 
All values are expressed as per cent of dry weight. ‘ 


- 


Steam-treated Steam-treated, 


Raw carrot | carrot dehydrated carrot 
t Extraction at Extraction at 
lew | Extraction at 55-60 | 53-60)” 55-60" 
Batch A Batch Batch C Batch D Batch E Batch E Batch F 
— | | 
0.2 0.2 0.5 0.4 | 0.5 | 0.6 0.4 


ethyl or petroleum ether; the fatty acids were then dried at 70° in vacuo for 
| to 2 hours and weighed. 

The difference in the nitrogen content of the raw and steam-treated 
material was not anticipated but, as may be deduced from Table III, can 
be accounted for, within 10 per cent, by the difference in the choline 
contents of the two fractions. The phosphorus-containing lipides obtained 
from the raw carrots were devoid of, or low in, choline. As was to be ex- 
pected, therefore, the molal ratios of nitrogen to phosphorus were much 
lower for the phosphorus-containing lipides obtained from the raw than 
from the dehydrated carrot. As shown by a study of iodine numbers, 
dehydration of the carrots before their extraction reduced the unsaturated 
fatty acid content of the phospholipides. The degree to which the raw 
carrot was divided before its extraction did not influence the composition of 
the phosphorus-containing lipides isolated. 

It was noted that a sugary material was associated with the phospholipide 
fraction of the dehydrated carrot which was not observed in the raw carrot. 
This sugary material was intimately associated with the fatty acid fraction 
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of the phospholipide and was extracted with the fatty acids. So far it has 
not been possible to purify this substance sufficiently for identification. 
The impure material, however, gave qualitative tests (Molisch, Fehling) 
for a carbohydrate. It also formed an osazone, which had a crystalline 
form similar to glucosazone. Owing to difficulty in purification of the 
small quantity of osazone involved, a satisfactory melting point was not 
obtained. 
Taste III 


Composition of Phosphorus-Containing Lipides Isolated from Raw and 
Steam-T reated Carrot 


| Steam- Steam- 
| Raw carrot treated treated, 


Low tempera- ° | Extraction Extractioa 
ture Extraction at 55-00 at SS-60" | at 


| 
Batch | Batch | Batch | Batch | Batch Betch B° 
58 


|58 (66 63 
2 


Batch F 
59 59 
Phosphorus, %.. 4.4) 5.2] 3.5| 3.0 3.2 
Nitrogen, %........... 0.43] 0.33) 0.64) 0.42) 0.72) 1.3 | Ll 
Choline, %........... aon 0 0 0 0.52 4.4 | 4.2 
N:P, molal ratio.............| 0.21 0.14 0.40 0.31) 0.58 0.89 = 0.89 
Choline:P, molal ratio... |0 | © | 0.05 0.35 | 0.8 
Glycerophosphoric acid, %.. | 11.65 11.0/15.3) 17.0 13.5 
lodine 86.0| 90.0 196 [4s [50 | 88 


* These represent a uniform lot of carrots that were analyzed at the same time by 
these two procedures. 


DISCUSSION 

It is significant that the concentration of phosphorus, nitrogen, and 
fatty acids is lower in the petroleum ether-soluble, acetone-insoluble fraction 
prepared from carrots than in identically prepared fractions (phospholip- 
ides) isolated from animal tissues.? Since the petroleum ether-soluble, 
acetone-insoluble fraction isolated from steam-treated carrots contains 
fatty acids, glycerophosphoric acid, and choline, and since, moreover, 
its molal ratio of nitrogen to phosphorus is close to unity, this fraction may 
also be considered a phospholipide. The sugary material found as 
sociated with the phospholipide of the dehydrated carrot either as a con- 
taminant or as an integral part of the molecule accounts, in part at least, 
for its low content of nitrogen, phosphorus, and fatty acids. 


2 Phospholipides obtained from animal tissues contain about 4 per cent phos- 
phorus, 2.2 per cent nitrogen, and about 70 per cent fatty acids. 
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Judging from the molal ratios of nitrogen to phosphorus, or of choline to 
phosphorus, recorded in Table III, the phosphorus-containing lipide iso- 
lated from raw carrots is not a typical lecithin or cephalin or sphingomyelin 
or a mixture of these three phospholipides. The low nitrogen content 
and in particular the low content of choline in the fraction obtained from 
raw carrots suggest its similarity to compounds like the phosphatidic acids 
which have been obtained from oat seeds by Trier (18) and from cabbage 
leaves by Chibnall and Channon (19). The presence of small amounts of 
phosphatidic acids might explain the observed molal ratios of nitrogen 
to phosphorus of 0.89 for the fractions obtained from steam-treated carrots. 

In attempting to explain the isolation of two distinct types of phospho- 
lipides from the carrot, it is necessary to point out that the phospholipide 
with the higher choline content was isolated from carrots that had been ex- 
posed to the temperature of live steam before they were subjected to 
grinding and prolonged treatment with solvents at 55-60°. It is therefore 
reasonable to assume that the one with the higher choline content is the 
naturally occurring phospholipide of the carrot and that enzymatic sepa- 
ration of its choline during the grinding and prolonged extraction procedure 
accounts for the phospholipide being devoid of, or low in, choline. Hence 


. itis postulated that there exists in the raw carrot an enzyme, probably a 


lecithinase, capable of splitting choline from phospholipides. 


The suggestions of Dr. C. Entenman and Dr. Gordon Mackinney in the 

preparation of this manuscript are gratefully acknowledged. 
SUMMARY 

1. The isolation, characteristics, and composition of phosphorus-con- 
taining lipides from raw and steam-treated carrots are described. It is 
shown that phosphorus-containing lipides can be completely extracted from 
carrots with alcohol-ether mixtures. 

2. The phosphorus-containing lipide isolated from the raw carrot was 
characterized by a low nitrogen content and by an absence or low content 
of choline; that isolated from the steam-treated carrot was higher in its 
choline and nitrogen content. 

3. An explanation of the isolation of the two types of phosphorus-con- 
taining lipides from carrots is presented. It is postulated that the raw 
carrot contains an enzyme, probably a lecithinase, able to split choline 
from phospholipides. 
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The mechanism by which alloxan destroys the insulin-producing pan- 
creatic islet cells, thus causing diabetes, has so far remained obscure. One 
approach to this question is the determination of the chemical specificity 
of the effect. Earlier studies (1, 2), involving a small number of rather 
randomly selected compounds, failed to disclose any new actiye agents. 
2 years ago, an investigation of a larger series of alloxan homologues and 
related compounds was begun at this laboratory. It could be shown (3) 
that, in addition to alloxan, methylalloxan and the corresponding alloxan- 
tins and dialuric acids are diabetogenic; some of these findings have since 
been confirmed independently by Laszt (4) and Hidy (5). The full report 
of our study which now comprises twenty-nine compounds, among them a 
number of new alloxan homologues, is herewith submitted, together with an 


| investigation of the possible réle in the production of diabetes of two 


characteristic reactions of alloxan, amino acid and glutathione oxidation. 


EXPERIMENTAL 
Methods 


Preparation of Compounds—-Previously published methods have been 
followed as indicated, sometimes with slight modifications. The purity 
of the preparations was checked by their melting points, and in some cases 
also by nitrogen analysis. The synthesis of the new compounds propyl-, 
butyl-, isobutyl-, phenyl-, and benzylalloxan and of their intermediates 
will be described elsewhere.' 

Testing of Compounds—Male white rats, weighing between 80 and 130 
gm. were used; they were fed on whole wheat with ample additions of 
vegetables and occasional supplement of bread and bran. The substances 
tested were injected intravenously, usually in the form of a freshly pre- 
pared 1 per cent solution. On the basis of experience with nearly 400 al- 
loxan-treated rats, the following method of interpretation of the results 
has been adopted. A rat was considered to be strongly diabetic if full 
glucosuria (more than 1 per cent glucose) occurred within 24 hours after in- 


'Briickmann, G., and Isaacs, S. D., to be published. 
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jection and persisted for at least 3 days. Rats in which the onset of gly. 
cosuria was delayed (sometimes up to 5 days) or in which it subsided within 
less than 3 days were regarded as slightly diabetic. Only seldom wer 
dubious cases seen, i.¢c. rats which excreted less than | per cent glucose for 
1 or 2 days; these are discussed individually. When necessary, additional 
information was obtained by observation of blood sugar (Somogyi (6), 
urine ketone, urine volume, body weight, and temperature. 

As a quantitative measure of the potency of some of the diabetogenic 
compounds the dose which caused diabetes in 50 per cent of the animals 
(effective dose, EDs) was calculated according to established statistical 
methods (7). Details of this calculation will be reported separately. 


Results 


Alloran and Mono-N-Substituted Allorans, ot be 


Alloxan; Prepared from Urie Acid (8)—-The EDyo, as determined in 125 
rats, was 45 mg. (0.28 mm) per kilo, with the lowest observed active dose 
of 30 mg. per kilo. Signs of acute toxicity, as described in detail under 
ethylalloxan, appeared following injection of 150 or more mg. per kilo. 
Doses above 350 mg. per kilo proved lethal within 4 hours. Severe uremia 
and occasionally albuminuria were observed with 70 mg. per kilo and above. 

Methylalloran; Prepared from Theobromine (9)—The EDs in 51 rats was 
53 mg. (0.30 mM) per kilo, and the lowest observed active dose 40 mg. per 
kilo. As with alloxan, severe cases of diabetes with extreme hyperglycemia, 
ketonuria, and death in diabetic coma were encountered, but the lower 
doses caused a higher incidence of transitory diabetes (less than 3 days 
duration) as compared with alloxan.? Early toxic symptoms first began 
to appear with 70 mg. per kilo; doses over 200 mg. per kilo caused death 
within 4 hours. Uremia and albuminuria were observed in many cases. 

Ethylalloxan; Prepared according to Biilmann and Klit (10) and Biltz and 


Sedlatschek (11)—Of forty rats, injected with 50 to 130 mg. per kilo, | 


fourteen became diabetic. The EDs was 67 mg. (0.355 mm) per kilo, the 
lowest observed active dose 60 mg. per kilo. Early signs of acute toxicity 
appeared at a dose of 50 mg. per kilo, as follows: 

About 1 minute after injection, usually after a transient excitation period, 
a characteristic syndrome with lacrimation, salivation, nasal discharge, 


? In alloxan the R in the formula is H. 
? Briickmann, G., to be published. 
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heavy respiration, and frequent gasping for air becomes apparent. During 
the next minutes the symptoms increase in severity, the animal lying on its 
side with closed eyes and appearing ill and weak. Defecation and a slowed 
heart rate are frequent. In recovery, the symptoms subside within an 
hour or so; if no recovery is made, death with signs of cyanosis and asphyxia 


ensues. In postmortem examinations of animals which died within 24 


hours after injection, profuse pulmonary edema and severe hemorrhage in 
the lungs were found in almost every case. It would appear, therefore, that 
damage to the lung capillaries accounts largely for the syndrome so far 
described. Other macroscopic observations are general cyanosis, distended 
stomach, and the presence of bilirubin in the intestines, which are frequently 
yellow in color. 

The same acute symptoms, in varying degrees of intensity, were observed 
with all members of the alloxan series and will be referred to subsequently 
as “early symptoms.” 

The higher doses usually caused death before severe diabetes could 
develop, so that on the whole ethylalloxan diabetes appeared milder than 
that produced by alloxan. Kidney damage, too, seemed to be less pro- 


nounced than with alloxan. 


Propylalloran‘—Preliminary trials with this substance showed it to be 


highly toxic, and it seemed unlikely that a diabetogenic dose would be 


survived. Severe early symptoms were seen with 45 mg. per kilo; 70 mg. 
caused death within 24 hours. Use was therefore made of the recently 
discovered, apparently specific, potentiating action of ammonium salts on 
the diabetogenic action of alloxan. It had been found by us* that simul- 


- taneous injection of alloxan with ammonium salts decreased the EDso to 


about 50 per cent. Consequently, thirteen of the fifteen rats which were 
injected with doses of propylalloxan ranging from 45 to 70 mg. per kilo 
received simultaneously 100 mg. per kilo of ammonium chloride. By this 
device it became possible to produce diabetes in three rats, as follows: 
Rat 1, glucosuria (about 2 per cent); blood sugar 490 mg. per cent; died 2 
days after injection. Rat 2, observed 15 days; slight transient diabetes; 
little urine voided; 1.5 per cent glucose in one sample; blood sugar 276, 


_ 215, and 160 mg. per cent on the 2nd, 4th, and 5th days respectively ; there- 


alter normal; glucose tolerance on the 3rd day decreased. Rat 3, observed 
2 days; 10 days heavy glucosuria with polyuria, but no ketonuria; blood 
sugar 200 and 430 mg. per cent; diabetes subsided thereafter. Albumi- 
huria and moderate uremia were observed in several rats. 
Butylalloran'—The toxicity of this compound seemed to be even higher 
than that of propylalloxan, and ammonium chloride was therefore again used 
in order to potentiate any possible diabetogenic effect. Twenty-three rats 
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received doses from 45 to 78 mg. per kilo, mostly with ammonium chloride 
Eleven survived for more than | day, but none developed clear cut diabetes 
One died after 24 hours with a terminal blood sugar of 300 mg. per cent and 
A slight glucosuria. Terminal blood sugar values must, however, be jp. 
‘ terpreted with great caution, since they are frequently elevated by up. 
specific factors. One rat survived over 15 days and excreted during the 
first 3 days urine with small amounts (0.5 to 1.0 per cent) of glucose. This 
case is suspicious of slight diabetes. Uremia, albuminuria, and anurig 
were observed. | 
4 I sobutylalloran‘—-The iso compound appeared to be somewhat less toxie 
than the n isomer, but again no clear cut diabetes could be produced. Nine 
rats were given 45 to 100 mg. per kilo; three of them received simult- 
§ neously ammonium chloride. Six survived for over 1 day. One had 4 
: blood sugar (single examination) of 200 mg. per cent, but no glucosuria, 
another slight glucosuria (0.5 to 1.0 per cent) for 2 days, and 200 mg. per’ 
cent of blood sugar. As in the case of butylalloxan, the possibility exists 
that this compound causes slight impairment of carbohydrate metabolism, 
4 but no complete necrosis of the islet cells which would result in the develop- 
P. ment of true diabetes. 
F, Phenylalloran'—By introduction of the phenyl group a practically non- 
toxic compound was obtained, which was even less toxic than alloxan itself. 
Early symptoms appeared only with 300 mg. per kilo, and doses up to 
500 mg. per kilo were tolerated for more than 1 day. Of thirteen rats 
which received between 120 and 600 mg. per kilo (together with am- 
monium chloride in seven) none showed signs of diabetes, but a few had 
slight uremia. 
Benzylalloran‘\—This substance was about as toxic as ethylalloxan. 
a Thirteen of nineteen animals injected with 50 to 100 mg. per kilo (part 
of them with NH,Cl) survived for more than 24 hours. As in the case 
Py of phenylalloxan, no dubious diabetes was encountered; therefore it seems 
§ safe to conclude that this compound is non-diabetogenic in the dosages 
F tried. Moderate uremia and albuminuria were again present. 
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Dimethylalloxan; Prepared from Caffeine (9)—Thirty rats received from 
40 to 250 mg. per kilo; a few of them ammonium chloride, simultaneously. 
As already reported (3), the compound is very toxic; initial symptoms ap 
peared with the lowest doses, and only ten of the animals survived doses up 
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to 80 mg. per kilo for more than 1 day. None of them showed signs of 
diabetes. Kidney damage, on the other hand, seemed to be more pro- 
nounced than with the monosubstituted alloxans, since each of six rats 
examined had severe uremia and frequent albuminuria. Dimethylalloxan 
js non-diabetogenic also by the subcutaneous route, as has recently been re- 
ported by Hidy (5). We found the substance also very toxic for cats, 
rabbits, and mice. 

Methylethylalloran; Prepared according to Biilmann and Berg (12)—Of 
nine rats injected with 50 to 90 mg. per kilo, together with ammonium 
chloride, only two survived; they showed no signs of diabetes. The early 
symptoms and kidney damage were similar to those observed with di- 
methylalloxan. 

Methylpropylalloran—This was prepared from the previously known 
dimethyldipropylalloxantin (13) by oxidation with nitrie acid; m.p. 92°, 
easily soluble in water. On injection it proved to be the most toxic of this 
group. Of eleven rats given doses up to 60 mg. per kilo (with NH,Cl) 
five survived, but did not become diabetic. As in the case of the other 
disubstituted alloxans, severe uremia developed in rats which died more 
than 24 hours after injection. 


Dialurice Acids, ob C 


rv—to 


Dialuric Acid; Prepared according to Biltz and Damm (14)—As already 
reported (3), we had no difficulty in eliciting diabetes with this substance 
at dosages from 50 to 150 mg. per kilo. In the first experiments solutions 
were prepared simply by heating the substance in water. Attention has 
been drawn, however, to the high autoxidizability of dialurice acid (15), and 
Lazarow has expressed the view that our positive results might have been 
due to the presence of alloxan formed by autoxidation of dialuric acid (16). 
We have therefore repeated the tests, using this time air-free water under 
an atmosphere of CQ., as advocated by Archibald (15). In addition, 
dialuric acid and alloxan were determined in the solutions by Archibald’s 
method (reduction of phosphotungstic acid without and with the addition 
of potassium cvanide) before and after injection. In four of six rats given 
doses of 60 to 70 mg. per kilo typical diabetes, sometimes with ketonuria, 
developed. Since the alloxan content of the solutions corresponded to only 
about 20 mg. per kilo, an amount which does not in itself cause diabetes, 
there can be no doubt that the active agent is dialuric acid. Dialuric acid 


‘In dialuric acid the two R groups are hydrogen atoms. 
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diabetes has also been produced recently by Laszt (4); previous workers, 
on the other hand, reported negative results with this substance (1, 2), 

The following observation makes it seem probable that injected dialurie 
acid is quickly oxidized in vivo to alloxan, and suggests that positive tests 
with this substance do not bear on the specificity of the alloxan effect. Blood 
drawn immediately after injection appeared very dark, and showed op 
spectroscopic examination increased amounts of reduced hemoglobin, 
In vitro, the spectrum of oxyhemoglobin disappeared almost instantly when 
hemolyzed blood was incubated with dialuric acid. 

Monomethyldialuric Acid; Prepared according to Biltz and Damm (14)— 
Since this substance is easily soluble in cold water, the risk of autoxidation 
is smaller than in the case of dialuric acid. Four rats were injected with 
doses from 40 to 130 mg. per kilo, and two of them developed typical 
diabetes. As with dialuric acid, reduction of oxyhemoglobin was observed 
in blood samples. Again, therefore, the actual diabetogenic agent seems 
to be formed through oxidation of methyldialuric acid to methylalloxan 
by blood hemoglobin. 

Dimethyldialuric Acid; Prepared according to Billz and Damm (14)—We 
failed to isdlate the very unstable free acid, and the more stable sodium 
salt was therefore used. The physiological properties of this substance 
seem to be identical with those of dimethylalloxan; diabetes was not pro- 
duced in any of seven rats which received from 50 to 80 mg. per kilo. 
Again, hemoglobin was readily reduced both in vitro and tn vivo. 


(H or R)N—CO OH H CO—N(H or R) 


Alloxantins, O 


Since alloxantins are known to dissociate in aqueous solutions into ale 
loxans and dialuric acids (17), each diabetogenic, it is to be expected that 
these substances will have the same effect as the alloxans. This proved to 
be the case with alloxantin, dimethyl- and diethylalloxantin, which ap- 
peared physiologically identical with the corresponding alloxans, and like 
the latter produced diabetes. Therefore details need not be given; the 
methods of preparation have been cited (see the corresponding alloxans). 
Goldner and Gomori (1) reported alloxantin to be inactive, but Koref et al. 
(18) found it to be diabetogenic in rabbits. 


Substitutions in Cs Position in Alloran Molecule 


The most reactive group in the molecule is the central ys group, or | 
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OH 


more correctly its hydrated form C . Results of previous investiga- 


IN 
OH 


tions have indicated that substitution in this ‘gape abolishes the physio- 
logical activity of alloxan. Barbituric acid, violuric acid, C=NOH, 
|Z 
— , have been found inactive (1,2). We have now confirmed 


2 
these findings by intravenous tests on rats. Since uramil is only sparingly 
soluble, the more soluble N-methyluramil (14) was tried, but gave no better 
results. Even a minor modification of the structure, such as the esterifi- 
cation of one OH group, as in benzoyl-N-methyldialuric acid 


H 
| 
a 


I\ 
prepared according to Nightingale (19), rendered the compound inactive. 


Compounds Giving Strecker Reaction 


Ability to decarboxylate and desaminate a-amino acids, with subsequent 
formation of an aldehyde with 1 less carbon atom, is one of the better 
known properties of alloxan. This reaction, which is named after its 
discoverer Strecker (20), is also given by a number of compounds which are 
structurally related to alloxan. Investigation of this group was therefore 
deemed of interest. 


—C 
Ninhydrin, Fourteen rats were injected with doses 


ranging from 30 to 120 mg. per kilo. The high acute toxicity of ninhydrin, 
which had been observed by its discoverer Ruhemann (21), could be lowered 
by slowing up the injection rate. Doses up to 60 mg. per kilo, given in 
this way, were tolerated for more than 2 days. The early symptoms re- 
sembled those produced by the more toxic alloxans, and pulmonary edema 
was found at autopsy; kidney damage, however, as judged by albuminuria 
and uremia, was less pronounced than in the alloxan series. As has al- 
ready been reported (3), ninhydrin did not cause diabetes. Hidy (5), 
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who administered the substance intraperitoneally, has recently confirmed 


this finding. 
compound proved 


less toxic than ninhydrin, but was slightly soluble, and no more than 50 
mg. per kilo could be injected. The substance gave a very intense Strecker 
reaction, perhaps more so even than ninhydrin, but failed to produce 
diabetes, even on repeated injection. 


1 ,8-Mesoxalylnaphthalene 3 


O 
Isatin, of the high insolubility of isatin, 


only a few injections with oversaturated solutions succeeded. Doses of 
50 to 80 mg. per kilo produced neither diabetes nor toxic symptoms. 


O 
O 
1 ,2-Naphthoquinone-4-sulfonic Acid (Sodium Salt), | | 
| 


SO Na 

This was the only substance outside the alloxan series which produced 
some disturbance in carbohydrate metabolism. Unfortunately, the 
toxicity of the compound is considerable, and doses higher than 150 mg. 
per kilo were not tolerated for more than | day. Lung and kidney dam- 
age, as judged by the presence of pulmonary edema and uremia, were 
prominent. Twenty-nine rats were injected with from 80 to 180 mg. per 
kilo; sixteen of them received ammonium chloride simultaneously. Of 
the entire group, twenty survived the Ist day. The chief early symptom 
was respiratory trouble, associated with severe cyanosis. The blood 
became dark brown and remained so for days. Spectroscopic examination 
showed the presence of methemoglobin; this pigment was also produced 
in vitro upon addition of the drug to blood. 

While no case of clear cut diabetes was encountered, a number of rats 
showed signs of impaired carbohydrate metabolism. Rat 25 on the 2nd 
day voided urine with 1.5 per cent glucose, then for a few days urine with 
traces of glucose, and afterwards became normal. Rat 17 showed on the 
3rd day a blood sugar of 307 mg. per cent, but no glucosuria. Intravenous 
glucose tolerance was normal. Rat 18 excreted urine containing about 0.5 
per cent glucose and showed on the 3rd day a blood sugar level of 248 mg. 


5 Kindly supplied by Professor A. Schonberg, Fuad I University, Cairo. 
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per cent. Three other rats excreted sometimes traces of sugar in their 
urine and died after 2 days with terminal blood sugars of 200, 316, and 560 
mg. per cent respectively. The doubtful significance of terminal blood 
sugar has already been noted. A rabbit received 120 mg. per kilo without 
development of diabetes within 6 days. We must thus conclude that, while 
the substance cannot be considered diabetogenic in the doses employed, 
the possibility exists that it may be potentially diabetogenic with higher 


doses. 
O 


Rhodizonic Acid, Hl —-This cyclic tetraketone is listed here 
H 


O 
because of its remote structural relationship to alloxan, although it gives 
no Strecker reaction. Since it proved to be non-toxic, amounts as high 
as 400 mg. per kilo could be injected without visible effect. 


Diabetogenic Action and Strecker Reaction 


The results which have been reported so far make it improbable that the 
islet effect of alloxan can be related to the Strecker reaction. According 
to determinations of Chargaff and Bendich (22), the potency of ninhydrin 
is about 8 times and that of 1 ,2-naphthoquinone-4-sulfonie acid 4 times 
that of alloxan, as judged by the rate of decomposition of alanine. How- 
ever, the possibility had to be considered that these compounds fail to 
cause diabetes because of very rapid destruction in the blood stream. The 
ninhydrin content of the pancreas was therefore determined by a modifi- 
eation of Briickmann’s (23) alloxan method. Half a minute after the in- 
jection of 140 mg. per kilo a concentration of about 30 mg. per cent was 
found in the pancreas. This is even more than the alloxan content of 
pancreas after alloxan injection. 

Another approach to the problem is suggested by the fact that in the al- 
loxan series itself some homologues are diabetogenic, while others are not; 
this invites a comparison of physiological activity with amino acid 
oxidation. ‘To measure the latter, the rate of the formation of murexide, 
an end-product of the interaction of alloxan and amino acids (24), was 
followed. This method was used, as the Van Slyke technique (25), for 
measuring CO, as end-product of the reaction of ninhydrin with amino 
acids, is not applicable to some of the alloxans, for the reason that they 
decompose with CO, formation at 100°. 1 cc. of phosphate buffer of pH 
7.2, containing 20 mg. of glycine, was mixed at zero time with 0.1 
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mM of the various alloxans in | cc. of water, and the development of the 
red murexide color was measured at intervals in the Pulfrich photometer, 
Filter 470 my (Fig. 1). The extinction values were not exactly reproducible 
from day to day, but the same order of intensities Was always obtained with 
the various compounds; variation of pll or replacement of glycine by 
alanine did not alter this order. The curves in Fig. 1 are constructed from 
the average values of three or four sets of experiments. Comparison 
of the extinction values after 30 minutes reveals the following activities, 
relative to alloxan as 1.0: butylalloxan 0.81, propylalloxan 0.66, methylal- 
loxan 0.50, ethylalloxan 0.41, benzylalloxan 0.30, and dimethylalloxan 0.18 


12) 


1.0+ 


Min. 10 20 30 40 50 ae 

Fic. 1. Murexide formation from glycine (20 mg.) by various alloxans (0.1 mm); 
pH 7.2. Ordinate scale, extinction (530 mg). Curve 1, alloxan; Curve 2, butylal- 
loxan; Curve 3, propylalloxan; Curve 4, methylalloxan; Curve 5, ethylalloxan; 
Curve 6, benzylalloxan; Curve 7, dimethylalloxan. 


Phenylalloxan gave practically no murexide color. The physiological ae- 
tivities, calculated from the EDs. values reported above, are as follows: 
alloxan 1.0, methylalloxan 0.93, ethylalloxan 0.79, while propyl- and butyl 
alloxan, which give an intense Strecker reaction, are only weakly diabeto- 
genic or entirely inactive. There seems, therefore, to be no correlation 
between the Strecker reaction and islet damage. 

Two by-products of the Strecker reaction, a derivative of uramil (diu- 
ramil) and a “reducing substance” having the elementary formula 
(9H,,07N;, have been isolated by Hurtley and Wootton (24). Both com- 
pounds, when tested by us on rats, were found to be inactive. The fact 
that murexide itself does not cause diabetes has already been reported (3). 
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Diabetogenic Action and SH Oxidation 


Even before the discovery of the diabetogenic action of alloxan, the high 
afinity of this compound for SH groups was emphasized (26, 27). In 
view of the demonstration that the mode of action of an increasing number 
of pharmacologically active substances depends on oxidation of SH groups 
in enzymatic and non-enzymatic processes, it is not surprising that at- 
tempts have been made to explain the alloxan effect on pancreas on this 
basis. Experimental evidence for this theory has been advanced by Leech 
and Bailey (28), who observed a rapid decrease in blood glutathione in 
rabbits after diabetogenic, sometimes smaller, doses of alloxan. The 
restoration of the glutathione level to normal took several hours. Similar 
observations were earlier reported, without comment, by Eckert et al. (29), 
but appear to have been overlooked. Lazarow (16) has recently shown 
that the diabetogenic effect of alloxan is prevented by a simultaneous in- 
jection of 10- to 30-fold amounts of glutathione or cysteine; he does not 
think that this antagonistic action is due simply to decomposition of al- 
loxan in the blood stream by these substances. 

To obtain more evidence on this question, we repeated the experiments 
of Leech and Bailey (28), using rats. The glutathione content of blood 
and tissues was determined by a modification’ of Fujita’s (30) method. 
The occurrence of a sharp drop in blood glutathione 2 to 5 minutes after 
injection of 60 to 70 mg. per kilo of alloxan was readily confirmed. Con- 
trary to reports by De Caro and Rovida (31), the reduced glutathione con- 
tent of organs showed no change in the same conditions (see Table I). 


*For the determination of reduced glutathione in small samples of blood, 0.3 to 
0.5 ce. of freshly drawn blood is placed in a centrifuge tube containing | cc. of water 
and a little saponin. When hemolysis is completed, 2.5 ce. of 3 per cent metaphos- 
phoric acid and about 1.5 gm. of solid sodium chloride are added, and the mixture 
shaken and after a few minutes centrifuged. To 2 cc. of the filtered supernatant are 
added 1 cc. of saturated sodium chloride, 0.5 ec. of a freshly prepared solution of 
0.1 gm. of sodium nitroprusside in 10 ec. of 04 per cent ammonium sulfate, and 0.7 
ec. of 25 per cent sodium carbonate (10 per cent, aqueous). The mixture is quickly 
transferred to a photometer cuvette of 0.5 to 1 em. width and read within 1 minute at 
300 to 530 mu. For tissues, 0.2 to 0.5 gm. of freshly excised or CO,-frozen tissue are 
extracted in a small mortar with 2.5 cc. of 3 per cent metaphosphoric acid, about 
15 gm. of sodium chloride, and 1 ec. of water. The mixture is transferred to a 
centrifuge tube, and the centrifugate treated as above. A reagent blank is run, in 
which the 2 ec. of extract are replaced by 2 cc. of 2 per cent metaphosphorie acid 
saturated with sodium chloride. When no more than 8 minutes elapse between the 
Preparation of the nitroprusside solution and the addition of sodium carbonate, this 
method yields colors of good intensity, stable for at least | minute, and little affected 
by temperature. Beer’s law is strictly valid. Speed is unnecessary in the interme- 
diate steps of the method, since metaphosphoric acid extracts can be left for 1 to 2 
hours at 4° without loss of glutathione. 
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CO,-frozen samples, analyzed immediately after extirpation under urethane 
narcosis, were used throughout. The figures for normal rats were in good 
agreement with those reported by other investigators. 

The fact that ninhydrin, a non-diabetogenic substance, causes an even 


Tasie I 
Reduced Glutathione in Normal and in Alloran- and Ninhydrin-Injected Rats 
All values in mg. per 100 gm. Time of sampling after injection, blood 2 to § 
minutes, pancreas 4 to 9 minutes, kidney 9 to 10 minutes, liver 10 to 11 minutes. 


, Rat No. Blood Pancreas Kidney Roe. 
Normal rats 
l | 55 118 
2 27 60 134 118 
3 36 53 112 202 
4 52 71 113 225 
5 29 56 92 204 
6 | 22 co 62 95 188 
| 
Average.... 37 | 60 109 176 


Alloxan-injected; 60-80 mg. per kilo 


Before After 

l | 29 18 71 140 275 
2 59 41 66 124 220 
3 | 43 10 75 MM 250 
4 | 29 22 a 75 107 
5 54 34 87 107 230 
6 47 59 71 135 182 
7 50 27 62 
41 9 
9 | 32 , 5 

Average....| 42 11 210 

Ninhydrin-injected ; 50-80 mg. per kilo 

51 18 64 
2 28 4 82 
3 45 0 82 


more rapid disappearance of reduced glutathione from the blood than al- 
loxan (Table 1) throws doubt on the significance of change in blood gluta- 
thione as a cause of islet damage. Apart from ninhydrin, two other non- 
diabetogenic compounds, butyl- and benzylalloxan, were found to produce 
a sharp drop in blood glutathione. 
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DISCUSSION 


The available evidence shows clearly that an intact pyrimidine nucleus 
is essential for diabetogenic action. Activity is abolished by substitution 
of the alloxan molecule at any position elsewhere than in one imino group.’ 
But even in this site substitution, if, as in the case of butylalloxan, carried 
beyond a certain length of side chain, renders the compound inactive. The 
inactivity of substances like dimethylalloxan, in which both NH groups are 
substituted, may be due to a lack of an ionizable hydrogen atom in such 
compounds (Hidy (5)). Since such agents produce pronounced kidney 
injury, it is clear that islet and kidney damage is not due to the same 
mechanism. 

No systematic study of the toxicology of this series has yet been under- 
taken. Present comment will be limited, therefore, to the remark that the 
observed correlation of toxicity with increasing length of side chain accords 
with common pharmacological experience. Most of the observed early 
symptoms can be related to respiratory impairment, which in turn is caused 
by severe damage to the lung capillaries, leading to hemorrhage and edema.* 
It becomes more and more evident that the toxic action of alloxan is not 
confined to the pancreatic 3-cells. Kidney and lung damage are likewise 
prominent, particularly in the case of the higher alloxan homologues. A 
number of authors have reported the production of lesions in various other 
organs by alloxan (32-38). ; 

On the assumption that islet necrosis is a direct effect of alloxan as such, 
this view being strongly supported by the histological evidence (see the 
excellent review of Duff (39)), several modes of action for alloxan can be 
considered. 

1. Selective accumulation in toxic amounts of the drug by the #-cells. 
This possibility will be difficult to prove experimentally, since in mammals 
the 8-cells comprise less than 0.5 per cent of the pancreas. It has been 
found by us that after alloxan injection the concentration of the latter is 
lower in pancreas than in liver or kidney; this does not, however, dispose 
of the possibility that the drug is at a high concentration in the islets 
themselves. 

2. Competition with a structurally similar compound for an enzyme 
with resultant disorganization of the cell metabolism and eventual dis- 
integration of the cell structure. This is a highly speculative but at present 


"Substitution in the C; position has not yet been tried; we have been unable to 
synthesize 2-thio- or 2-iminvalloxan (Briickmann and Isaacs, unpublished). 

* In our first communication (3) we have expressed the view that the initial symp- 
toms might be caused by vagus stimulation. This interpretation is not, however, 
—" by pharmacological findings which have since been made in this labor- 
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a very popular explanation of drug action. A substrate similar to alloxan js 
not known in the mammalian organism. Moreover, the substitution of g 
propyl group in the small molecule of alloxan must involve a considerable 
steric alteration; yet, as shown, the resulting compound is diabetogenie. 
If the claim of Shaw-Dunn et al. (40), that a styrviquinoline has the same 
effect as alloxan, is corroborated, or if it should be possible to demon- 
strate, by histological examination, that 1 ,2-naphthoquinone-4-sulfonie 
acid causes some islet damage, the competition theory would have to be 
abandoned. | 

3. Specific reaction of alloxan in the islet cell with or without a specifie 
accumulation. Such a reaction would probably consist in the inactivation 
of an enzyme system, which can be expected to be intimately concerned 
with insulin synthesis, apparently the only specific function of the 3-cells. 
Lazarow (16) has expressed the view that inactivation of SH groups of 
enzyme proteins could account for such an effect. In view of our dem- 
onstration of a large glutathione reserve in the pancreas after alloxan 
injection, there is reason to consider that any oxidized SH group would 
quickly be regenerated by glutathione. As is shown by our study of blood 
glutathione, SH oxidation is a relatively unspecific property, and we shall 
have to look for more specific reactions to explain the mode of action of 
alloxan. 

As demonstrated above, the Strecker reaction, too, can scarcely be held 
responsible for that action. The fact that the Strecker reaction requires 
many hours for completion, whereas alloxan damage is histologically dem- 
onstrable 5 to 15 minutes after injection (39), is an additional argument 
against that view. 

The main difficulty in the elucidation of the mode of action of alloxan 
lies in our lack of knowledge of the specific biochemical processes of the 
target tissue, the islet. It is safe to predict that progress here would also 
throw light on the mechanism of insulin synthesis. 


SUMMARY 


A number of alloxan homologues and related compounds have been ad- 
ministered by intravenous injection to rats, with the following findings. 

1. N-Methyl-, ethyl-, and propylalloxans are diabetogenic, whereas 
higher N-substituted alloxans are not. 

2. Alloxantin, dimethylalloxantin, diethylalloxantin, and dialurie and 
methyldialuric acids are likewise able to cause diabetes. ‘These substances 
seem to be rapidly oxidized in the blood to corresponding alloxans. 

3. Substitution of alloxan in both imino groups, or in the C, position, 
abolishes its diabetogenic effect. 

4. While the diabetogenic activity of the monosubstituted alloxans de 
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creases With increasing length of the aliphatic side chain, the acute toxicity, 
caused chiefly by damage to the lung capillaries, increases. The intro- 
duction of an aromatic side chain results in a distinct fall in toxicity. 
Kidney lesions, as indicated by uremia, albuminuria, and anuria, are 
caused both by diabetogenic and non-diabetogenic compounds of this 
series. 

5. A number of substances which give a strong Strecker reaction (de- 
amination and decarboxylation of amino acids) are ineffective in inducing 
diabetes. 1 ,2-Naphthoquinone-4-sulfonic acid produces some disturbance 
of carbohydrate metabolism, but not true diabetes. 

6. The diabetogenic potency of alloxan and some of its homologues, as 
expressed in terms of the effective dose 50, is not correlated with the 
Strecker reaction of these compounds (rate of murexide formation from 
amino acids). 

7. Alloxan and some non-diabetogenic compounds cause a rapid fall 
in blood glutathione, but fail to affect the glutathione content of pancreas, 
liver, and kidney. ‘This is taken as evidence against the view that alloxan 
diabetes depends on SH _ oxidation. 

Mechanisms by which alloxan may damage the pancreatic islet cells 
are discussed in the light of these findings. 


We wish to acknowledge with thanks the skilful technical assistance of 
Mr. M. Chaimowitz throughout this study. 
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THE INHIBITORY ACTION OF NAPHTHOQUINONES ON 
RESPIRATORY PROCESSES 


Br ERIC G. BALL, CHRISTIAN B. ANFINSEN, ano OCTAVIA COOPER 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, January 14, 1947) 


The first observation that certain 2-hydroxy-3-alkylnaphthoquinones 
exert an inhibitory action on respiratory processes was made by Wendel 
(19) during a study of the action of these compounds on malarial parasites. 
Wendel found that the relative effectiveness of these compounds in inhibit- 
ing the respiration of malarial parasites tn vitro paralleled their ability to 
suppress malaria in animals. Our interest in these observations was 
aroused through our wartime collaboration with Dr. L. F. Fieser and his 
group, who were engaged in the synthesis and study of these naphtho- 
quinones as potential antimalarial drugs. The discovery oi Wendel sug- 
gested that these naphthoquinones might be general respiratory poisons 
and that a simple oxidative enzyme system might be found which was in- 
hibited by them. If this were so, it was reasoned that such an enzyme 
system might be employed to determine the relative potency of new naph- 
thoquinone derivatives, and thus serve as a relatively simple screening test 
for the prompt guidance of the organic chemist synthesizing these com- 
pounds. 

We present data here to indicate that certain 2-hydroxy-3-alkylnaph- 
thoquinones are very potent general respiratory poisons and that they 
act just below cytochrome ¢ in the chain of respiratory enzymes. The 
succinate oxidase system is completely inhibited by certain of these com- 
pounds at concentrations as low as3 X 10%. The use of this enzyme 
system for testing the possible antimalarial activity of these drugs has been 
explored in Dr. Fieser’s laboratories and will not be dealt with here. 


EXPERIMENTAL 

The various naphthoquinones employed were kindly supplied by Dr. 
L. F. Fieser or Dr. M. T. Leffler, or were those used by one of us in previous 
studies (4,5). In all cases, a weighed amount of the compound was dis- 
wlved in absolute aleohol. Aliquots of the alcoholic solution were then 
evaporated to dryness on the water bath, and the residue dissolved in a 
drop or two of 0.1 ' NaOH and made up to the desired concentration with 
isotonic NaCl solution or with water. All concentrations of the drugs re- 
ported here are in terms of the concentration in the final enzyme or cell 
test system. 
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Unless otherwise stated, the various oxidative reactions were measured 
with the conventional Warburg manometric or Thunberg tube methods. 
When the manometric procedure was used, the amounts of cellular or 
enzyme material were so adjusted that the rate of oxygen consumption ip 
the control usually fell in the range 80 to 150 ¢.mm. perhour. A solution of 
the naphthoquinone was added initially to the main chamber of the vessel, 
or was dumped from its side arm during the experiment. 

Succinate oxidase was prepared from heart muscle by the following pro- 
cedure:' Fresh beef heart was thoroughly minced and 5O gm. were well 
mixed with 200 ec. of ice-cold water. This suspension was then blended in 
a Waring blendor for 2 minutes at a temperature of 4-6° to form a heart 
homogenate. This homogenate was centrifuged for 10 minutes in the 
cold and the clear red supernatant discarded. This residue was next 
thoroughly mixed with 200 cc. of an ice-cold extract of heart muscle (pre- 
pared by heating to boiling a 50 gm. portion of minced heart musele sus- 
pended in 200 cc. of water and filtering). The resulting suspension was 
then centrifuged in the cold and the clear, slightly red supernatant again 
discarded. If water or salt solutions are used in place of a heart musele 
extract for washing at this stage, turbid supernatants are obtained witha 
consequent loss in enzyme. The insoluble residue was next washed with 
200 ce. of cold water and centrifuged. The residue, which was now prae- 
tically free of hemoglobin and myoglobin, was then blended in the Waring 
blendor for 30 seconds with a volume of ice-cold 0.1 M Na,lIPO, sufficient 
to give a total volume equal in amount to that of the original heart homog- 
enate. This suspension upon the addition of cytochrome c showed on the 
average 95 per cent of the activity of the original heart homogenate. This 
final suspension was centrifuged for 10 minutes and the slightly turbid 
supernatant which contained approximately 50 per cent of the total enzyme 
was employed as the enzyme solution. A 6-fold concentration of the 
enzyme is effected by this procedure. 

This preparation may be reduced to the dry state if it is rapidly frozen 
and desiccation carried out under vacuum from the ice phase. Some loss in 
activity is encountered by this procedure, but the dry powder so obtained 
remains active for weeks if it is kept dry and stored in the cold. Care must 
be exercised in reconstituting a suspension from the dry powder to form a 
thick smooth paste before diluting to volume. 

The enzyme system was buffered with 0.1 mM phosphate buffers. Cyto 
chrome c, prepared according to the procedure of Keilin and Hartree (1), 
was added in sufficient quantity to insure saturation of the system with this 
component. Sodium succinate at a final concentration of 0.015 M was em- 
ployed as substrate. 


? Ball, E. G., and Ormsbee, R. A., unpublished data. 
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The succinate oxidase preparation was also used as a source of cytochrome 
oxidase and succinate dehydrogenase. Cytochrome oxidase activity was 
measured in the same way as succinate oxidase activity, except that 

vlenediamine or hydroquinone was used as substrates. Succinate 
dehydrogenase activity was measured by the usual Thunberg tube tech- 
aique, or manometrically, as will be described in presenting the experimental 
result s. 

Red blood cells, either parasitized or normal, were obtained from our own 

clony of monkeys (3,9). We used | ec. of blood and 1.7 cc. of an isotonic 
te-Locke’s solution in each Warburg vessel (13). The phosphate- 

Locke’s solution has a pH of 7.3 and the following composition: KH,PO, 

0011 m, NasHPO, 0.044 m, NaCl 0.070 mu, KCI 0.005 m, CaCl, 0.001 

The respiration of yeast cells was measured on a suspension of cells made 
fom a Fleischmann yeast cake with glucose or lactate as substrate. The 
ghosphate-Locke’s solution described above was employed as suspending 
medium. 

Liver slices from rabbit or monkey liver were also suspended in phos- 
phate-Locke’s solution. Glucose again served as the substrate. 


Results 


A comparison of the inhibitory action of six different hydroxynaphtho- 
quinones On Various respiratory systems is afforded by the data given in 
Table I. The six compounds listed there differ in structure only in the 
ade chain substituted in the 3 positions of the naphthoquinone nucleus. 
Considering first the results obtained on succinate oxidase and the malarial 
parasite, Plasmodium knowlesi, it will be seen that the greatest inhibitory 
xtion is displayed by the two compounds containing a 9 carbon side chain, 
SN 5049 and SN 5090. Decrease in inhibitory activity results as the side 
chain is shortened. Ilydrolapachol with a 5 and phthiocol with a 1 carbon 
ade chain are much less effective compounds. Diminution of activity also 
results from the introduction of a double bond or of a hydroxy group into a 
ade chain. This may be seen by comparing the action of hydrolapachol, 
lpachol, and hydroxyhydrolapachol. The action of these six naphthoquin- 
mes on Plasmodium knowlest confirms the findings of Wendel (19), who 
has studied a much larger series of compounds. As stated earlier, Wendel 
aso found that the antimalarial activity of a drug in vivo paralleled its 
ability to repress the respiration of the malarial parasite. Now, as can be 
ven from the data of Table I, there is a marked similarity in the action of 
these compounds on the succinate oxidase system and upon the respiration 
Be the malarial parasite. This relationship suggests two things: first, the 
use of succinate oxidase as a test system for screening new drugs in this 
eres, and second, the presence in the malarial parasite of an enzyme similar 
@ nature to the one inhibited in the succinate oxidase preparation. 


| 
| 
ha 
rac- | 
lent 
the 
This 
"me 
the 
sin | 
| 
aust | 
yto- 
1), | : 
this | 
em- 


4 
a 


260 NAPHTHOQUINONES AND RESPIRATION 


I 


Comparison of Inhibitory Action of Hydrozrynaphthoquinones on Various Respiratory 
Systems at pH 7.4 and 38° 


The values* are expressed as per cent inhibition of O, consumption during the 
Ist hour of the experiment. 


Succinate oxidase | | Yeast | 


| Concentration of naphthoquinone mg. per liter 
10 | 10) 1 | 10 100 0.1/1.0! 10 0 
SN 5949t 94 | 100 | 63 75 74 58\ 95 94101 
CH; | 
SN 5090T 69 27, 75 0 150) 6 
CH,-CH, 
\ 
R-CH,CH,CH,CH CH, 
| | | 
CH.CH, | 
Hydrolapachol 0 | SS 10) 37 78 | 
H; | | 
Lapachol | | 0 74 
H, 
R-CH,CH=C 
Hs 
Hydroxyhydrolapachol | | | 0 | 0 9 
H; | | 
R-CH,CH,C—CH, | te 
wee 
Phthiocol, R-CHs 0 31 


* All the values are the average of two or more experiments. 
t The Survey number, designated SN, identifies a drug in the records of the Survey 
of Antimalarial — established by the Committee on Medical Research. 


The side chain ened in the table is in all cases substituted in the 3 position. 


In the results presented in Table I for yeast and liver slices, a marked 
difference in behavior is found. The respiration of liver slices during the 
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ist hour of the experiment is practically unaffected by the addition of either 
SN 5949 or SN 5090. Yeast respiration, on the other hand, though not 
affected appreciably by SN 5090, is as sensitive to SN 5949 as either the 
malarial parasite or succinate oxidase. These results might be interpreted 
as indicating a difference in respiratory mechanism for these cells. We are 
inclined to believe, however, that it represents a difference in permeability 
of the cells concerned for these compounds. The fact that yeast cells are 
inhibited by SN 5949 but not by SN 5090, which contains a cyclic group in 
the side chain, seems to us to favor this latter interpretation. Moreover, 
though the respiration of liver slices is practically unaffected by these com- 
pounds during the Ist hour of the experiment, an inhibiting effect begins to 
appear at the end of this time. A similar delayed action of SN 5949 on the 
respiration of heart muscle slices has been observed by Dr. O. H. Pearson 
in one experiment he kindly performed for us. In contrast to the delayed 
and weaker action on mammalian cells of these compounds is their practi- 
cally instantaneous reaction on the parasitized red blood cell and succinate 
oxidase. Also, the full action of SN 5949 on the respiration of veast cells 
becomes manifest within a few minutes after its addition. One cannot but 
wonder whether the delayed penetration of animal tissues by these drugs 
isnot one important factor which helps to explain how such potent respira- 
tory inhibitors can be used for therapeutic purposes. Certainly such tissue 
cells do contain a respiratory system sensitive to these compounds, as is 
shown by the results with the succinate oxidase preparation made from 
heart muscle. 

It should also be pointed out that the maximum amount of inhibition 
obtainable varies according to the test system employed. For example, 
SN 5949 can cause complete inhibition of succinate oxidase; with yeast cells 
the inhibition has not exceeded 95 per cent, while, in the case of red blood 
cells parasitized with Plasmodium k:nowlesi, the inhibition has reached only 
80 per cent. Likewise, the respiration of the eggs of Arbacia punctulata, 
either fertilized or unfertilized, is markedly though incompletely blocked 
by SN 5949 (cf. Anfinsen and Ball (2)). This incomplete blockage of res- 
piration in the intact cell is reminiscent of the action of cyanide. It sug- 
gests that these naphthoquinones, like cyanide, inhibit the main respiratory 
pathway, but leave certain secondary and minor respiratory processes 
untouched. 

All the results so far described have been obtained at a pH of 7.4. The 
action of these naphthoquinones is, however, markedly dependent upon 
pH. Wendel (19) has already shown in the case of the malarial parasite 
that, over a range of pH which includes physiological values, unit decrease 
in pH produced approximately a 10-fold increase in antirespiratory activity 
for eight naphthoquinones that he studied. A similar effect of pH on the 
activity of SN 5949 and SN 5090 can be observed in the case of succinate 
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oxidase. In Fig. 1, data are presented which illustrate this effect. Here 
the concentration of naphthoquinone is held constant at 1 mg. per liter and 
the pH varied throughout the range 6.1 to 8.1. The enzyme is completely 
inhibited at the more acid values, but, as the pH becomes alkaline, the per 
cent inhibition falls as low as 20 per cent in the region of pH 8.0. Experi- 
ments performed with varying concentrations of SN 5949 in the pH range 
6.1 to 6.6 indicate that pH changes in this region do not have the pro- 
nounced effect observed for the region pH 7.0 to 8.0. Studies made at pH 
values more alkaline than 8.1 with higher concentrations of SN 5949 indi- 
cate that its inhibitory activity continues to diminish somewhat in this 
region. However, results in this region are complicated by the fact that 
the activity of the succinate oxidase is diminished considerably as a result 
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Fic. 1. The effect of pH on the inhibitory action of SN 5090 and SN 5949 onthe 


succinate oxidase system. The concentration of naphthoquinone is 1 mg. per liter 
in all cases, temperature 37°; 0.1 « phosphate buffers were used throughout. 


of the change in buffer composition and pH alone. It would, nevertheless, 
appear that the chief effect of pH occurs within the region shown in Fig. 1. 

The reader will probably notice that in Fig. | a concentration of SN 5949 
of 1 mg. per liter at pI 7.4 causes an inhibition of about 59 per cent, while, 
in Table I, an inhibition of 94 per cent is reported at this concentration and 
pH. ‘This is due to the fact that different batches of succinate oxidase were 
employed in each case and serves to emphasize the point that such varia- 
tions in sensitivity are encountered in different enzyme preparations, It 
should also be noted, in this connection, that fresh succinate oxidase prepa- 
rations are always less sensitive than those which have been reconstituted 
from the dried preparation described in the experimental section. 

The reason for variations of naphthoquinone action with the change in 
pH is not clear. One interpretation would be that it is due to alterations 
in the degree of dissociation of the hydroxy group of these compounds. 
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This would mean that the undissociated and least soluble form would be the 
most active. ‘This explanation seems unlikely when one considers the fact 
that the pK of this hydroxy group in lapachol, hydroxyhydrolapachol, 

phthiocol, and four other hydroxynaphthoquinones not studied here has 
been found to be about 5.0 (Ball (5)). The pK value of SN 5949 and SN 
5090 should be similar. Another explanation is that some essential group 
in the enzyme which reacts with the naphthoquinone undergoes ionization 
within this pH range. If this is the case, its pKX value must be in the neigh- 
borhood of 7.5. A third possibility is that the effective concentration of the 
naphthoquinone is lowered at higher pH values, due to its increased affinity 


. for proteins in general at more alkaline reactions. The succinate oxidase 


preparation is far from pure and undoubtedly contains many proteins not 
directly concerned in the enzyme reaction under study. In support of this 
explanation is the finding of Wendel (19) that serum proteins markedly 
affect the inhibitory action of these naphthoquinones on the respiration of 
malarial parasites. Which, if any, of these explanations is valid must 
await further experimentation. 

We have attempted to learn the specific point of action of these naphtho- 
quinones on general respiratory processes by a closer investigation of their 
action on the complex succinate oxidase system. The preparation em- 
ployed as a source of this enzyme contains the following known components 
of the main respiratory pathway: cytochrome oxidase, cytochromes a, b, 
and c, and a flavoprotein capable of reoxidizing the reduced pyridine nucleo- 
tides. How many of these components are concerned in the oxidation of 
succinate is not known. However, cytochrome oxidase and cytochrome c 
are definitely known to be involved. It is possible to test the action of 
these two components separately from all the others by using p-phenylene- 
diamine or hydroquinone as substrates instead of succinate. When this is 
done, it is found that no inhibition of the enzyme-catalyzed oxygen uptake 
by these substrates can be produced by SN 5949 or SN 5090 at final concen- 
trations as high as 10 mg. per liter. Further evidence that cytochrome 
oxidase or cytochrome c is not affected by these naphthoquinones may be 
obtained spectroscopically. If a solution of cytochrome c, prepared by the 
method of Keilin and Hartree (11), is reduced with NagS,O, at pH 7.4, the 
550 my band of the reduced form may be observed with a hand spectroscope. 
This band disappears immediately upon addition of a little of the succinate 
oxidase preparation and shaking in the presence of air. Repetition of the 
test in the presence of SN 5949 at a final concentration of 10 mg. per liter 
gives identical results. In marked contrast are the results obtained in the 
presence of 0.001 m cyanide. In this case, the absorption band of reduced 
cytochrome c remains visible even after prolonged shaking of the solution 
with air. It is, therefore, obvious that these naphthoquinones do not in- 
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hibit respiration in the same manner as cyanide, namely, by reacting with | 
cytochrome oxidase. 

Another component of the succinate oxidase complex that may be studied 
is succinate dehydrogenase. The exact nature of this component is not 
known. Its catalytic action, however, may be followed independently of 
the functioning of cytochrome oxidase and cytochrome c by the use of 
methylene blue and the Thunberg tube technique. Employing this tech- 
nique, it is found that the reduction time of methylene blue at pH 7.4 by 
succinate in the presence of the enzyme is slightly slowed by the presence | 
of SN 5949 at a final concentration of 10 mg. per liter. That the positively 
charged methylene blue is not reacting with the anionic naphthoquinone 
and so interfering with its inhibitory action is shown by the fact that similar 
results are obtained when an indophenol type of oxidation reduction 
indicator is employed. 

A more accurate picture of the action of SN 5949 on succinate dehydro | 
genase may be obtained by a manometric procedure. The results of an 
experiment of this type are shown in Fig. 2. In this test, cyanide has been 
added to all flasks, except Flask 1, in sufficient quantity to inhibit oxygen 
uptake by blocking the cytochrome oxidase system. In addition to cya- _ 
nide, Flasks 3, 4, and 5 contain SN 5949 at a final concentration of 1,5,and 
10 mg. per liter, respectively. In Flask 1, it will be seen that oxygen con- 
sumption by succinate proceeds rapidly from the start of the experiment, 
since no inhibitor is present. In the other flasks, no oxygen consumption 
occurs until methylene blue is added from the side arm of the flask at 10 
minutes after the start of the experiment. In these flasks, methylene blue’ 
acts as a by-pass to the cyanide-inhibited cytochrome oxidase. It will be 
noted, however, that the rate of oxygen uptake through this methylene blue 
by-pass is slower in those flasks, Nos. 3 to 5, which also contain SN 5949, ) 
- but that complete blockage of the methylene blue-catalyzed system is not 
=) obtained. Though not shown in Fig. 2, a sixth flask containing 100 mg. 
me per liter of SN 5949 gave exactly the same results as Flask 5, which con- 


wee 


. tained 10 mg. per liter. This action of SN 5949 is in marked contrast toits _ 
ff behavior when cytochrome oxidase links the system to oxygen. Withthe | 
e enzyme preparation used for the experiment shown in Fig. 2, 1 mg. per liter 
eB of SN 5949 completely inhibits the oxygen uptake of the cytochrome 
BE oxidase-mediated system. From the results for Flasks 2 and 3 in Fig. 2, 
4 it may be calculated that 1 mg. per liter of SN 5949 causes only a 25 per 
cent inhibition of the methylene blue-linked system. These results would 
seem to indicate that the point of attack of the naphthoquinones is not upon 
the succinate dehydrogenase itself, but upon some enzyme or enzymes which 
link it to the cytochrome c-cytochrome oxidase chain, or. as in these experi- 
ments, to the methylene blue system. In the latter case, the inhibitory 
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effect is less marked than in the former, suggesting that a reaction involving 
the reduction of cytochrome c may be involved. 

As may be surmised from the results in Fig. 2, methylene blue will par- 
tially release the inhibition of oxygen uptake caused by SN 5949. Results 
identical to those shown for Flasks 3, 4, and 5 in Fig. 2 are obtained when 
naphthoquinone is the only inhibitor present. Also the inhibition of yeast 
respiration by SN 5049 may be partially released by the addition of methyl- 
ene blue. This is true whether glucose or lactate serves as substrate. 
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Fic.2. The effect of SN 59:9 on the succinate dehydrogenase system, pH 7.4, and 
37°. In addition to the succinate oxidase preparation, succinate and 0.1 m phosphate 
buffer, the various flasks contained the following: Flask 1, no additions; Flask 2, 
eyanide 0.001 mw; Flask 3, cyanide 0.001 m, SN 5049, 1 mg. per liter; Flask 4, cyanide 
0.001 w, SN 5040, 5 mg. per liter; Flask 5, cyanide 0.001 um, SN 5949, 10 mg. per liter. 
Methylene blue, 0.2 cc. of 0.1 per cent, dumped into Flasks 2 to 5, 10 minutes after 
the start of the experiment. The total volume in each flask is 3.0 ce. See the text 
for further details. 


Further insight as to the locale of action of these naphthoquinones may 
he obtained by spectroscopic means. If a preparation of succinate oxidase, 
to which sodium succinate has been added, is viewed with a hand spectro- 
scope, the absorption bands of reduced cytochromes a, b, and ¢ are clearly 
visible. All these bands may be made to disappear momentarily or to fade 
in intensity if the preparation is shaken with air. They return promptly 
on standing. When the experiment is performed in the presence of SN 
3049 at a final concentration of 20 mg. per liter, a different picture results. 
Shortly after mixing all the components, the only cytochrome band that is 
visible is that of reduced cytochrome b. Gradually, however, the reduced 
bands of cytochromes a and ¢ appear. If this preparation is now shaken 
with air, the bands of reduced cytochromes a and c disappear immediately, 
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but those of reduced cytochrome b remain unaltered, even after prolonged 
shaking. On standing, the reduced bands of cytochromes a and ¢ slowly 
reappear. Identical results may be obtained on a suspension of yeast cells 
‘0 which glucose has been added as a substrate. These findings thus indi- 
cate that these naphthoquinones interfere with the reoxidation of reduced 
cytochrome b, but do not interfere with its reduction. 

Reactions catalyzed by those enzymes which require the pyridine nueleo- 
tides as coenzymes do not appear to be affected by the naphthoquinones 
studied here. This fact was first indicated by the results of Wendel (19), 
who showed that the production of lactate from glucose by parasitized red 
blood cells was not inhibited, and indeed was enhanced, by the presence of 
some of these compounds. We have found no effect of SN 5949 on the 
mammalian lactate dehydrogenase system, as studied by the method of 
Quastel and Wheatley (14), nor upon the oxygen consumption of normal 
mammalian red blood cells that occurs in the presence of methylene blue 
and glucose. Both of these processes require the presence of pyridine nu- 
cleotides. We have also been unable to observe any effect by them upon 
the reoxidation of reduced diphosphopyridine nucleotide by methylene 
blue, as catalyzed by the flavoprotein described by Corran et al. (7). The 
main effect of these naphthoquinones on respiration thus appears to be 
limited to an action upon some unknown component gearing the dehydro- 
genases to the cytochrome oxidase-cytochrome c system. 

Xanthine oxidase, d-amino acid oxidase, catalase, and urease are un- 
affected by SN 5949. The latter enzyme was tested mainly because its 
activity, like that of succinate oxidase, is dependent upon the presence of 
sulfhydryl groups. The findings of Colwell and McCall (6) that the anti- 
bacterial action of 2-methyl-1 ,4-naphthoquinone is antagonized by various 
sulfhydryl compounds also suggested that SN 5949 might be reacting with 
an enzyme sulfhydryl group. We have attempted without success to pro- 
tect the succinate oxidase system against the action of SN 5949 by the 
addition of cysteine. 

DISCUSSION 


It is not possible at the present time to ascertain the exact manner in 
which naphthoquinones of the type used here block respiratory processes. 
We may list the various enzymes that may be involved in the main respira- 
tory pathway in the manner portrayed in Table II. They are listed here 
in the order of their relative positions in this pathway in so far as this can 
be judged from available data. The exact réle of several enzymes listed 
remains in doubt. For example, the function of cytochrome a is unknown 
and its possible relationship or even identity with cytochrome oxidase is still 
an open question. The same is true for cytochrome 6 and the possibility 
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exists that it and succinate dehydrogenase may be identical. Another dis- 

point is whether succinate dehydrogenase, whatever its identity, 
forms a part of the main respiratory pathway. Until separation of all the 
individual components concerned in this chain is achieved, these questions 
will be difficult to answer. Nevertheless, it is possible to ascertain the level 
at which certain substrates are geared into this chain of oxidative enzymes. 
In the column headed “Substrate” in Table II, the substrates p-phenylene- 
diamine, succinate, and glucose have been listed in a position opposite that 
enzyme in the chain which activates its electrons for passage through the 
chain. Reduction of all components of the chain lying above this specific 
enzyme may be assumed to occur in the presence of the specific substrate 
and can be shown to occur in most instances. 


Taste II 
Relationships of Enzymes, Substrates, and Inhibitors in Main Oxidative Pathway 
a Inhibitor Enzyme system Substrate 
Cyanide Cytochrome oxidase 
a 
c p-Phenylenediamine, etc. 
Naphthoquinone ? 
Cytochrome 
Succinate dehydrogenase Succinate 
Flavoprotein (diaphorase) 
Pyridine nucleotide dehydro- | Glucose, etc. 
genases 


Now the relative position at which cyanide and 2-hydroxy-3-alkylnaph- 
thoquinone inhibit this chain may be similarly indicated. In the column 
headed “Inhibitor” cyanide is placed opposite cytochrome oxidase, since it 
is this lead off enzyme in the chain with which it appears to combine. The 
oxidation of all the substrates listed is prevented by its action. In the case 
of the naphthoquinones, their point of action is indicated as lying between 
cytochromes b and c, since they do not prevent the oxidation of p-phenylene- 
diamine; nor do they prevent the reduction of cytochrome b by either succi- 
nate or glucose. Neither cytochrome c nor cytochrome b can, therefore, 
be singled out as the enzyme reacting with the naphthoquinones. It is the 
interaction of these two enzymes which appears to be prevented by the 
naphthoquinones. This being the case, the naphthoquinones might be 
classified as inhibitors preventing the interaction of two specific enzymes 
rather than completely inhibiting the action of one, as usually happens. 
Though this would be an unusual situation, it must, nevertheless, be remem- 
bered that these reactions are unusual in that we are dealing with the inter- 
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action of two enzymes and not, as in the more conventional manner, with 


- enzyme and substrate. 


An alternative hypothesis must, however, be considered. This is that an 
unknown enzyme exists which mediates the reaction between cytochromes 
b and c in the chain and that it is this unknown enzyme which specifically 
reacts with naphthoquinones. Certainly we have no proof that cytochrome 
b can react directly with cytochrome c. Indeed, evidence (10, 12, 16) has 
been accumulating that some unknown enzyme acting below cytochrome ¢ 
is involved in the oxidation of succinate. Most recently Straub (17) has 
presented evidence for the existence of a so called SC factor linking succinate 
dehydrogenase and cytochrome c._ He pictures the oxidation of suceinate 
as proceeding through the following chain: succinate dehydrogenase — SC 
factor — cytochrome c — cytochrome a — cytochrome oxidase. The 
possible relationship of cytochrome 6 to this factor or to succinate oxidation 
is not discussed by him. However, the term “succinate dehydrogenase” 
is used by Straub, as we have used it, to describe the unidentified enzyme 
or enzymes catalyzing the reaction between methylene blue and succinate, 
As mentioned earlier, cytochrome 6 may well be involved in this reaction. 
Indeed, the fact that cytochrome b is present in the succinate dehydrogenase 
preparation and is rapidly reduced upon the addition of succinate favors 
such an interpretation. There is thus the possibility that Straub’s SC 
factor actually links cytochrome 6b and cytochrome ¢ and that it is indeed 
the enzyme which reacts with naphthoquinone. 

This interpretation of the action of naphthoquinones is satisfactory in 
the light of Straub’s findings only so far as the oxidation of succinate is con- 
cerned. When we attempt to explain the blockage of general respiration in 
terms of the action of naphthoquinones on Straub’s SC factor, the picture 
is not clear. For example, in the oxidation of glucose we may trace the 
pathway of electrons from this substrate through the pyridine nucleotides 
and the flavoprotein, diaphorase. Beyond this we cannot go. How this 
flavoprotein is linked to oxygen is not known, but the cytochrome system 
is undoubtedly involved. Straub (18) has shown that direct reaction be- 
tween diaphorase and cytochrome c does not occur. Some enzyme or 
enzymes must then lie intermediate to these two components. Now Straub 
(17) has attempted without success to gear diaphorase to cytochrome ¢ by 
means of his SC factor. Indeed, in his experiments the same combination 
of enzymes capable of functioning as succinate oxidase failed to connect 
diaphorase to cytochrome c. Whether the SC factor is involved in general 
respiration cannot then be determined from Straub’s experiments, since the 
possibility exists that the SC factor in combination with some component 
missing in his experiments is involved in linking diaphorase to cytochrome ¢. 

From this discussion then it is obvious that there is a portion of the main 
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oxidative chain lying below cytochrome ¢ which is shrouded in darkness. 

It is somewhere within this region that the naphthoquinones act to block 

not only succinate oxidation but also general respiration. Perhaps these 

compounds may prove to be useful tools to help unravel the nature of the 

enzyme or enzymes which gear cytochrome c not only to succinate dehydro- 
but also to the flavoprotein-pyridine nucleotide systems. 

One other point of interest that should be mentioned with regard to the 
?-hydroxy-3-alkylnaphthoquinones is that they are natural constituents of 
certain living cells. Lapachol, one of the compounds listed in Table I, 
occurs in a variety of woods; cf. Fieser (8). Lomatiol, a closely related 
compound, occurs in the seeds of Lomatia ilicifolia (15). Phthiocol, also 
listed in Table I, is a pigment isolated from the tubercle bacillus by Ander- 
son and Newman (1). Using the data given by these authors, we estimate 
roughly that the concentration of phthiocol in this organism is of the order 
of 10 mg. per kilo of wet cells. This is just below the concentrations found 
necessary to inhibit succinate oxidase or the respiration of the malarial para- 
site. Many other naphthoquinones, though not of this general type, are 
also of course found in nature. Among those may be mentioned vitamin K, 
juglone, lawsone, lomatiol, and echinochrome. With the exception of 
vitamin K, no function is apparently known for any of these compounds. 
We have considered the possibility that the inhibitory action of compounds 
such as SN 5949 may be due to their competition with a naturally occur- 
ring naphthoquinone. Preliminary experiments in which an attempt was 
made to release respiratory inhibition produced by SN 5949 by the addi- 
tion of vitamin K were inconclusive. Our observations (2) that the respira- 
tion of the Arbacia egg, which contains large amounts of echinochrome, is 
easily inhibited by SN 5949 do not favor a competitive type of action. 
Nevertheless, the findings reported here suggest that an investigation of the 
réle of naturally occurring naphthoquinones either in regulating or partici- 
pating in respiratory processes might be of interest.? _ 

SUMMARY 

1. Certain 2-hydroxy-3-alkylnaphthoquinones are very potent inhibitors 
of respiratory processes. Their activity depends upon the nature of the 
alkyl group. 

2. The more effective naphthoquinones completely inhibit the oxygen 
uptake of the succinate oxidase system at concentrations as low as3 X 10-¢ 


* Since submitting this paper for publication the interesting work of Gaffron 
(20) has come to our attention. He reports that phthiocol first stimulates and 
then inhibits the respiration of certain algae as its concentration is increased. He 
also shows that phthiocol interferes with the photochemical processes of these plant 
tells and discusses his findings in relation to the known high vitamin K content of 


chloroplasts. 
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mM. The respiration of the malarial parasite, Plasmodivm bnowlesi, and of 
yeast cells is also inhibited at similar concentrations, but inhibition never 
exceeds 80 to 95 per cent of the total respiration in these cases. 

3. The action of these naphthoquinones on the succinate oxidase system 
is dependent on the pH, at least within the region 7.0 to 8.0. ‘The activity 
of a compound at pH 7.0 is approximately 5-fold that at pI] 80. The 
reason for this effect is not known, but several possible explanations are 
offered. 

4. Cytochrome oxidase, xanthine oxidase, d-amino acid oxidase, catalase, | 
several pyridine nucleotide systems, and urease are unallected by these 
naphthoquinones. The succinate dehydrogenase system is partly in- 
hibited. 

5. The conclusion is reached from manometric and spectrophotometrie 
observations that these naphthoquinones act below eytochrome ¢ and above 
cytochrome 6 in the main chain of respiratory enzymes. The possibility : 
that their inhibitory action is the result of their combination with an un- 
known enzyme which mediates the reaction between. cytochrome ¢ and 


cytochrome b is discussed. 
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AMINO ACIDS EXCRETED BY MICK FED INCOMPLETE 
PROTEINS* 
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In a previous study it was noted that mice fed a diet containing 10 per 
cent of casein excreted from 1 to 5 per cent of the ingested amino acids 
in the urine in microbiologically available form (1). The present experi- 
ments deal with the amino acids in the urine of mice fed incomplete proteins 
such as oxidized casein (2) supplemented in various ways. Oxidized casein 
is known to be deficient in methionine, tryptophane, and cystine (2, 3). 
Arachin was fed as an example of a natural protein low in one of the essen- 
tial amino acids, while fibrin and casein served as examples of relatively 
complete proteins. 


Methods 


Weanling mice weighing 10 to 12 gm. were fed diets of the following 
general composition. 


per cent 
Wesson’s salt mixture (4) 4 

per gm. 
Thiamine chloride 6 
Nicotinic acid 10 
Folie acid 0.5 
p-Aminobenzoice acid 300 
Choline chloride............... . 1000 


Methionine was added to certain of the diets at a level of 0.7 per cent, 
tryptophane to certain others at a level of 0.4 per cent (Tables II to IV). 


* Published with the approval of the Director of the Wisconsin Agricultural Experi- 
ment Station. This investigation was aided by grants from the Jonathan Bowman 
Fund for Cancer Research and from the Wisconsin Alumni Research Foundation. 
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When the dietary protein was ordinary casein or fibrin, the mice gained an 
average of 2.5 gm. per week. Mice fed oxidized casein supplemented with 
methionine, tryptophane, and cystine also grew well and when the protein 
was finely ground, some series gained as much as 3.0 gm. per week. How- 
ever, When methionine or tryptophane was omitted from the diet the 
animals lost weight at rates ranging from 0.5 to 2.0 gm. per week and 
some died after 2 or more weeks. For this reason the feeding periods were 
necessarily of short duration. 

After 15 or more days on the various diets, mice were placed in metab- 
olism cages in groups of three, and the urine was collected under toluene 
for periods of 24 or 48 hours. The urine was stored, diluted, and ana- 
lyzed microbiologically for sixteen amino acids by the methods described 
previously (1). 

The results were expressed both as the amounts of the various amino 
acids excreted in microbiologically available form per mouse daily and 
as the percentages of the ingested acids appearing in the urine. The latter 
values were originally calculated from published values for the amino acid 
composition of the proteins fed, but irregularities in the apparent per- 
centages of some of the amino acids excreted, e.g., of serine on the fibrin 
diet and of proline on arachin, suggested that the published values (5, 6) 
used might not reflect the composition of the proteins fed in the present 
experiments. Accordingly, each of the proteins (Table I) was hydrolyzed 
by autoclaving 600 mg. aliquots in sealed ampuls with 10 per cent HC 
(6 N NaOH for tryptophane and tyrosine determinations) for 10 hours 
at 15 pounds pressure (7,8). The pH was then adjusted to 6.8, the solution 
diluted, filtered, and the amino acid composition determined microbio- 
logically' (1). With comparatively few exceptions, the percentages of 
the various amino acids in the proteins were found to be of the same order 
of magnitude as those reported by others (Table I). In line with the bio- 
logical and chemical results of Toennies and Bennett (2, 3), most of the 
amino acids in casein were unaltered by the oxidation process, although 
methionine, cystine, and tryptophane were destroyed completely. 


Results 


The most obvious finding was that mice on a protein inadequate in the 
essential amino acids tryptophane (Table IL) or methionine (Table ITI) 


! When Lactobacillus arabinosus was used as the test organism for the determi- 
nation of glutamic acid, the value obtained for the percentage of this acid in casein 
compared favorably with those reported by others who used either chemical or micro- 
biological methods of analysis (9-11). However, with Streptococcus faecalis and the 
regular test medium (1), percentage values for glutamic acid often differed from those 
obtained with L. arabinosus, unless the content of asparagine in the medium was 
doubled. In the present study, L. arabinosus was used routinely for the determi- 
nation of glutamic acid in urine and in protein hydrolysates. 


EEE 

| 

. 

| 
| | 

& 


PEARCE, SAUBERLICH, AND BAUMANN 273 


excreted abnormally high amounts of all the other amino acids. On the 

eficient diet (Series 1) (oxidized casein plus methionine and 
cystine) the percentage of ingested amino acids appearing in the urine 
after 15 days varied from 12.8 per cent for proline to 48.3 per cent for 
histidine (Table I1), while all other amino acids were found in the urine 
in intermediate percentages of the amounts ingested. Essentially the 
same Values were obtained in Series IT and [1] in which the period of deple- 
tion was more prolonged. The excretion of the essential amino acids taken 


Tasre 


Per Cent Amino Acids in Proteins Fed (Gm. of Amino Acid Liberated per 100 Gm. of 
Air-Dried Protein) 


Recoveries® 

Amino acid Fibrin Arachin Ordinary Oxidized 

casein mn Arachin 

1 | RE % | 103 | 101 
Aspartic acid (16.5 |4.0 | 7.3 | 8.3 
Cysting................... | 1.8 | 0.9 | 0.45| 0.0 | 103 | 100 | 108 
Glutamic 13.0 | 21.6 | 21.5 | 22.0 | 109 100 109 
Histidine... 23.6 | 2.6 | 30 | 24 | | 100 | 109 
lesloucine...................) 7.6 | 66 | 86 | 7.8 | 100 14 1O4 
Leucine... ,.eseeeed 6.7 | 6.9 | 10.5 | 10.4 | 107 | 105 | 107 
Methionine 2.6 3.1 0.0 1a |§ 
Phenylalanine. __. $.8 | 5.5 | 4.8 5.0 % | 104 | 102 
Proline... 4.6 | 6.0 | 15.9 | 16.9 | 104 | 101 
Serine.......... 11.2 | 99 | 7.9 | 7.5 | 101 | 101 | 100 
Threonine 5.9 | 241 44:1 82] 97 
Tryptophane 3.6 | 0.69; 1.4 | 0.0 | 105 | 103 | 103 
Valine | 3.0 | 6.8 | C.D | 


* Amino acids were added prior to hydrolysis in quantities approximately equal 
to those contained in the protein sample being hydrolyzed 


collectively did not appear to differ from that of the non-essential amino 
acids. 

Similar results were obtained when the deticient amino acid was methio- 
nine*(Table III). After 15 days of depletion, mice fed 10 per cent of 
oxidized casein plus tryptophane and cystine (Series 1) excreted 9.9 per 
cent of the ingested aspartic acid in the urine and 37.5 per cent of the 
ingested histidine; all other amino acids were excreted in intermediate 
percentages. In Series II the percentages of the different amino acids 
excreted ranged from 24.6 for glutamic acid to 86.5 per cent for histidine. 
Both in this and in other series the percentage excretion of amino acids 
fed in the free form (cystine and methionine or tryptophane) appeared 
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to be higher than those for most of the amino acids fed combined as pro 
tein, but no particular signifieance was attached to this observation singe 
the possibility existed that some tree amino acid added to the diet may have 
been spilled in the metabolism cage and thus have contributed to the high 
urinary values observed. 


Taste Il 
Amino Acids in Urine of Mice Fed Diet Low in Tryptophane (10 Per Cent Oxidized 


Cascin Plus Methionine and Cystine) 


Series I* Serves Series 
“excreted amino acd | amo ac 
mg. ms. per cent per cent fer cent 
11.02 | 1.70 15.4 14.5 17.9 
6.77 | 2.0 | 18.6 20.3 19.4 
Cystime....... | (0.70) (36.8) (196.0) | (67.0) 
Glutamic acid....................| 41.80 | 8.97 14.3 19.3 | 17.8 
4.56 | 2.20 48.3 46.4 71.0 
Leucine... 19.76 5.28 26.7 27.9 | 230.3 
Lysine..... 14.25 3.36 23.6 27.2 23.5 
Methionine rakes §.70 | (1.72) | (30.2) (50.0) | (43.5) 
Phenylalanine 0.50 2.33 | 24.6 25.6 30.0 
Serine... 19.9 | 16.8 | 23.6 
Threonine... | 6.84 | 2.90 42.5 5.5 | 40.7 
Tyrosine 8.55 | 1.80 21.0 22.2 | 24.9 
11.50 | 3.22 | 27.8 | 23.4 | 27.0 


The numbers in parentheses are not directly comparable to the other values, since 
it is possible that some of the free amino acids fed may have been spilled into the 


urine. 
*Series I was fed the low tryptophane dict for 15 days before the urine 


was collected. 

t Series II was fed the low tryptophane diet for 10 days, then fed the same diet 
plus tryptophane for 12 days, followed by the low tryptophane diet for 14 days before 
the urine collection was made. 

t Series II] was fed the low tryptophane diet for 1S days before the urine collection 


was made. 


When oxidized casein was supplemented with methionine, tryptophane, 
and cystine, the excretion of all amino acids except those added in the 
free form was reduced to 10 per cent of the amount ingested or less (Table 
IV) and usually was about 5 per cent. In fact, the excretion of microbio- 
logically available amino acids was essentially the same on the properly 
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ted oxidized casein as when ordinary untreated casein was fed 
at a comparable percentage in the diet. This similarity suggested that 
the rise in the excretion of amino acids noted on the deficient diets contain- 
ing oxidized casein was due to the deficiency in an essential amino acid 
rather than to any inherent property of the oxidized casein. This was 


Tapre lll 


Amino Acids in Urine of Mice Fed Diet Low in Methionine (10 Per Cent Oxidized 
Casein Plus Tryptophane and Cystine) 


Series I* Series 

Amine acid Ingested Ingested 

amino acid | amino acid 

moe. me. mg. per cent per cent 
Aspartic acid.............. 14.01 1.40 9.9 26.6 
Cystine sins 1.70 (0.58) (34.1) (65.4) 
Glutamic acid 37.40 5.17 | 13.8 4.6 
17.68 3.2 | 18.4 42.4 

0.25 

Phenylalanine 8.) 1) 17.7 42.5 
Serine | 31.4 
Tryptophane 1. i (39.2) (60.5) 
Valine | | 1.67 16.1 37.4 


The numbers in parentheses are not directly comparable to the other values, 
since it is possible that some of the free amino acids fed may have been spilled into 
the urine. 

*Series I was fed the low methionine diet for 15 days before the urine 
was collected. 

tSeries I] was fed the low methionine diet for IS days before the urine 
was collected. 

$0.25 mg. of methionine was found in the urine upon analysis, even though none 
was fed in the diet. 


further emphasized by the relatively high percentages of amino acids ex- 
creted in the urine when 10 per cent of arachin was fed (Table V). Arachin 
contains only 1.1 per cent of methionine and when the arachin in the diet 
was 10 per cent, an average of only 3.5 mg. of methionine was ingested 
per mouse daily compared to 8.77 mg. in diets containing 10 per cent of 
casein. The arachin diet therefore represented an inadequacy of an essen- 
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tial amino acid rather than a complete deficiency. When the arachin diet 
was fed for only 15 days, most of the amino acids were excreted in relatively 
low amounts, but as the feeding period was prolonged, the excretion of 
amino acids increased until by 63 days the percentages of ingested acids 
appearing in the urine ranged from 8.8 for aspartic acid to 20.5 for lysine, 


Tasie IV 
Amino Acids in Urine of Mice Fed Ordinary Casein or Oxidized Casein Properly 
Supplemented (10 Per Cent Oxidized Casein Plus Methionine, 
ryptophane, and Cystine) 


| 
Amino acid Amino acid , Insested Amino Hngested 
| ingested excreted | ingested cy 

me. | mg. per cent | mg. mg. per cont 
11.60 | 0.30 2.6 11.47 | 0.67 | 8.8 
Aspartic acid __ .... | 16.60 | 0.83 5.0 | 22.63 | 0.95 | 42 
Cystine... 2.00 | (0.44) | (22.0) 4.10 | (0.26) | @.4) 
Glutamic acid 49.06 | 1.58 3.2 | 66.65 2.71 4.1 
Histidine. 4.80 | 0.48 | 10.0 | 9.30 | O83 | 89 
Isoleucine 15.60 0.67 | 4.3 | 26.66 1.34 5.0 
Leucine 20.80 101 | 4.9 29.72 1.01 3.4 
Lysine . 15.00 | 0.47 | 3.1 | 20.77 1.25 | 6.0 
Methionine... 6.30 (0.53) (8.4) 8.77 0.28 3.2 
Phenylalanine 10.00 0.53 5.3 14.88 0.86 5.8 
Proline. 33.80 0.94 2.8 | 49.29 | 1.82 | 3.7 
Serine....... 15.00 | 0.63 | 4.2 2.49 | 1.46 | 6.0 
Threonine 7.20 0.50 7.0 | 14.26 1.00 7.1 
Tryptophane 2.52 | (0.33) (13.2) 4.34 | 0.20 | 46 
Tyrosine. 9.00 0.44 4.9 | 16.12 0.92 | 5.7 
12.20 0.50 | 4.1 | 17.98 0.91 5.1 


The numbe ‘rs in parentheses are not directly comparable to the other values, since 
it is possible that some of the free amino acids fed may have been spilled into the 
urine. 

* Series I, fed the supplemented oxidized casein diet for 15 days before the urine 
collection was made. 

t Series I, fed the ordinary casein diet for 44 days before the urine collection 
was made. 


When fibrin was fed as 20 per cent of the diet, the percentage excretion of 
all amino acids into the urine was low (Table V1). 

Bound Amino Acids in Urine—Previous experiments (1) on urine from 
mice fed different levels of casein indicated that at least half of the amino 
acids in the urine existed in a combined form. In the present study, 


representative samples of urine from mice fed the various diets were hydro- 
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lyzed with 10 per cent HCl tor 5 hours at 15 pounds pressure, and deter- 
minations were made of the a-NH:N by the copper method (12, 13), 
while histidine, threonine, arginine, and valine were determined micro- 
biologically by the methods previously employed on unhydrolyzed urine. 
In line with previous results, roughly one-half of the amino acids existed 
in a bound form in the specimens of urine from mice fed complete proteins 


Tasie V 
Amino Acids in Urine of Mice Fed 10 Per Cent Arachin Diet 


Series Ia* Series Ibt Series Ict 
Amino acid 
Amino acid Amino acid | Ingested | Ingested 
| “excreted | acid | amino act | amine eck 
percent | percent | per cent 
35.20 | 1.01 2.9 4.0 | 11.8 
Aspartic acid................ 44.80 | 0.94 2.1 2.2 8.8 
6.08 | (0.71) | (11.7) | (42.0) | (33.4) 
Glutamic acid...... 69.12 1.97 2.6 10.0 
8.32 0.48 5.8 5.0 18.6 
21.12 0.40 1.9 2.5 12.2 
22.08 0.73 3.3 4.2 10.1 
5.76 | 0.16 2.8 3.5 | 20.5 
3.52 0.13 3.7 5.0 10.0 
17.60 54 3.1 3.3 
Proline. ... 19.20 0.60 3.1 2.6 13.1 
Serine... 31.68 0.61 1.9 2.9 
0.20 2.4 3.4 13.5 
Tryptophane............ 3.80 0.04 1.0 1.6 
Tyrosine... me 14.40 | 0.59 4.1 3.5 18.9 
12.48 0.32 2.5 3.5 15.7 


The numbers in parentheses are not directly comparable to the other values, since 
it Is possible that some of the free amino acids fed may have been spilled into the 
* Series Ia was fed the arachin diet for 15 days before the urine collection was 
i Ib was fed the arachin diet for 18 days before the urine collection was 
_ oe Ie was fed the arachin diet for 63 days before the urine collection was 


such as fibrin, casein, or oxidized casein properly supplemented (Table VII). 
Urine from mice fed incomplete proteins contained approximately the same 
amounts of bound amino acids as normal urine, but since the abnormal 
urines contained greatly increased amounts of “free” amino acids, the per- 
centages of the total existing in the bound form were relatively low, 11 
16 per cent for the sample excreted on deficient diets compared to 48 
to 57 per cent excreted on complete proteins (Table VII). 
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Microbiological determinations of four representative amino acids jp 
the urine before and after hydrolysis tended to confirm the general conely. 
sions from determinations of a-NHy-N (Table VIII). Although there 


were fairly wide variations noted in the percentages of the four amino aeids _ 
excreted in the bound form on the various diets, the total amounts excreted _ 


were usually lowest on the fibrin diet. Neither arginine nor valine was 
present in the bound form in the urine excreted on diets deficient in methio- 


Tasie VI 
Amino Acids in Urine of Mice Fed 20 Per Cent Fibrin Diet 

| Series Ia* Series 

Amino acid | Amino acid | Ingested 

ingest excreted | 

mg. me per cent per cent 
33.59 0.27 0.8 1.3 
net 76.57 1.01 1.4 1.0 
64.22 1.22 1.9 3.7 
Isoleucine __. 0.55 1.5 
33.59 0.75 2.2 1.5 
18.77 0.40 2.1 2.3 
Proline......... 22.72 0.65 2.9 2.9 
ens) 55.33 0.63 | 1.1 2.2 


The numbers in parentheses are not directly comparable to the other values, 
since it is possible that some of the free amino acids fed may have been spilled into 


the urine. 
* Series Ia was fed the fibrin diet for 44 days before the urine was collected. 


t Series Ib was fed the fibrin diet for 16 days before the urine was collected. 


nine; furthermore, bound arginine was absent when tryptophane was miss 
ing from the diet. Bound arginine was present in the urine on the diets 
containing ordinary casein and the amounts were particularly high when 
fibrin was fed (Table VIII). This might suggest that arginine normally 
appears in mouse urine combined with methionine or tryptophane. How- 
ever, 2 much more thorough study of the responses of microorganisms to 
various peptides will have to be made before valid conclusions can be drawn 
on the nature of the peptides in urine. 
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Taste VII 
Ercretion of “Free” and“ Bound” a-NH-N in Urine by Mice Fed Various Proteins 
NHeN ed NHeN exereted 
| urine dal Mingested | Per cent 
Diet in urine | total in 
‘inges Un- | im urine Un- per mg. N 
lyzed ly zed 
Oxidized casein,no me- 20.35 5.77 6.50) 0.73 | 0.250 O. 0.032 11 
thionine 
Oxidized casein,notryp- 30.4 | 4.92 | 5.78 | 0.86) | 0.162) 0.190) 0.028 16 
tophane 
Oxidized casein; sup- | 32.0) 1.13 | 2.06) 0.93 | O. 0.064) 0.029 48 
plemented 
Ordinary casein 45.3 | 1.30 | 2.96 | 1.66 | 0.029 0.065) 0.036 57 
Fibrin 80.0 | 0.58 | 1.15 | 0.57 | 0.007) 0.014) 0.007 52 
Arachin 32.0 | 4.82 | 5.53 | 0.71 0.150 0.173) 0.023 13 
Tasie VIII 


Urinary Excretion of ‘‘Free’’ and ‘“‘ Bound” Amino Acids by Mice Fed Various Diets 


Histidine excreted daily Threonine excreted daily 
Per cent . 
mg. | mg. | mg. mg. | mg. | meg. 
Oxidized casein, no me- | 1.3 | 2.1 | 0.8 38 4.3 15.0 | 0.7 
thionine 
Oxidized casein, notryp- | 1.4 | 1.8 | 0.4 22 3.9 | 4.3 | 0.4 
tophane 
Oxidized casein; supple- | 0.33 | 0.50 | 0.17 34 0.82) 1.6 | 0.78 
mented 
Ordinary casein 0.23 | 0.70 | 0.47 67 0.90} 2.1 | 1.2 
Fibrin 0.15 | 0.33 | 0.18 55 0.45 | 0.72 | 0.27 
Arachin 10 | 0.3 23 19 |3.2 
Arginine Valine 
Oxidized casein, no me- | 3.9 | 3.7 | 0 0 2.1 | 2.1 [0 
thionine 
Oxidized casein, notryp- | 3.2 | 3.2 | 0 0 | 2.3 |3.0 | 0.7 
tophane 
Oxidized casein; supple- | 0.50 | 0.60 | 0.10 17 0.30 | 0.73 | 0.43 
mented 
Ordinary casein 0.66) 1.2 | 0.54 45 | 0.70/)1.7 | 1.0 
Fibrin 0.28} 1.6 | 1.32 83 0.64 | 0.75 | 0.11 
Arachin 2.3 | 2.4 | 0.1 4 2.4 |6.0 | 3.6 
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DISCUSSION 


Normally, amino acids in the blood can be prevented from appeari 
in the urine by one or more of the following processes: (@) by the ineor. 
poration of the amino acids into the tissues for the synthesis of proteins 
and other substances; (b) by the destruction of amino acids through de. | 
amination, transamination, or other reactions; (c) by the kidney barrier 
If any one of these processes were completely effective, no amino aeids 
would appear in the urine. 

Process (a) is limited even under optimal conditions of nutrition, for the 
tissues do not accumulate protein indefinitely. When an essential amino 
acid is missing from the diet, the synthesis of protein, even for replace. 
ment purposes, is curtailed severely for lack of an essential building block, 
and instead of passing from the blood stream into the tissues, amino acids 
pass from the tissues into the blood stream. Process (6) appears to be 
limited in the mouse, for when the percentage of casein in the diet is raised 
from 10 per cent to 50 per cent, the amounts of the various amino acids ° 
excreted in the urine also increase 5-fold (1). ‘This latter observation fur. 
ther indicates that the kidney is not a particularly effective barrier against 
the transfer of amino acids from the blood of the mouse to the urine; 
in other words, process (c) is only partially effective. 

In the absence of an essential amino acid, there is not only a failure of 
protein synthesis, but there may also be an impairment in the mechanisms 
by which amino acids are destroyed in the body. ‘The amounts destroyed 
can be estimated from representative data as follows: Mice on the diet 
free from methionine ate 1.27 gm. of food daily, equivalent to 127 mg. 
of protein. They lost weight at a rate of 0.20 gm. per day, equivalent to 
40 mg. of protein, if it is assumed that one-fifth of the lost weight is protein. 
(Qualitatively the results will be similar whether the increments of weight 
lost or gained are assumed to be 10 or 30 per cent of protein.) The amounts 
of amino acids entering the blood stream daily are therefore 127 + 40 
mg. = 167 mg. 57.2 mg. were excreted in the urine as free acids or pep- 
tides, leaving 110 mg. destroyed daily. Similar calculations, applied to 
data from ammals deficient in tryptophane, indicate a destruction of 
179 mg. of amino acids daily. 

When both tryptophane and methionine were fed in addition to 10 
per cent of oxidized casein, a typical daily intake was 210 mg. of protein, 
with a gain in weight of 0.1 gm. daily, equivalent to an estimated absorp- 
tion of 20 mg. of amino acids daily by the tissues. Since 20 mg. of amino 
acids were excreted daily, the amounts destroyed were 210 — (20 + 20) 
= 170 mg. 

Thus, the amounts of the amino acids destroyed daily appear to be 
essentially of the same order of magnitude whether a “complete” diet is 
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fed on which there is a gain in weight, or an incomplete diet on which 
weight is lost. Nevertheless, the amounts of amino acids excreted on the 
incomplete diet are at least double those on the complete diet, 40 to 55 
mg. per day versus 20 mg. By way of contrast, it can be calculated that 
normal mice fed a diet containing 50 per cent of casein destroy nearly 1500 
mg. of amino acids daily. ‘Thus the extra amino acids excreted on the defi- 
cient diets represent acids that would have been destroyed had the diet 
been complete. ‘The implication is that the enzyme systems that normally 
destroy amino acids are impaired on the deficient dietary regimens. Quite 
another possibility is that the reabsorption of amino acids in the kidney 
is impaired on the incomplete diets. 

Presumably, deficiencies in other essential amino acids would likewise 
result in a general increase in the excretion of amino acids by the mouse. 
The possibility also suggests itself that deficiencies in vitamins might affect 
amino acid excretion. Very little information has been published on this 
point, although it appears to be well established that pathological condi- 
tions involving liver damage can be accompanied by increases in the 
a-NH:N content of the urine (14). Kaplanskii ef al. (15) noted that 
patients having injuries of the peripheral nervous system accompanied 
by severe pain excreted increased amounts of keto acids and amino acids 
in the urine, and that the administration of large doses of vitamin B, 
returned the excretion to a normal level. In a previous study in this labora- 
tory, mice deprived of vitamin B, excreted normal amounts of tryptophane 
in the urine (16), but that excretion would appear to be abnormally high 
if the xanthurenic acid excreted, equivalent to 10 to 24 per cent of the 
tryptophane ingested (17), were also considered as excreted tryptophane. 
A high excretion of amino acids was reported in 1925 in urine from human 
subjects fed large amounts of wheat (18). This might parallel the present 
high excretion of amino acids by mice fed proteins of inferior biological 
value. 


SUMMARY 


1. Mice fed diets containing incomplete proteins (oxidized casein plus 
cystine and either tryptophane or methionine) excreted from 9.9 to86.5 
per cent of the ingested amino acids in the urine in microbiologically avail- 
able form. The mean excretion was 24.5 per cent. 

2. On complete proteins, such as casein, fibrin, or oxidized casein sup- 
plemented with cystine, tryptophane, and methionine, the different amino 
acids excreted ranged from 0.5 to 10.0 per cent, with a mean of only 2.9 
per cent. 

3. Urines from mice on either type of protein contained approximately 
the same amount of peptides. Relatively, however, a much higher per- 
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centage of the urinary amino acids was microbiologically available on 
incomplete proteins than when complete proteins were fed, 
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THE ROLE OF VITAMIN B, IN THE SYNTHESIS OF TRYP- 
TOPHANE FROM INDOLE AND ANTHRANILIC 
ACID BY LACTOBACILLUS ARABINOSUS* 


By B. 5. SCHWEIGERT 


(From the Nutrition Laboratory, Agricultural Experiment Station and School of 
Agriculture, Agricultural and Mechanical College of Tezas, 
College Station) 


(Received for publication, January 7, 1947) 


Lactobacillus arabinosus has the ability to synthesize several amino acids 
when adequate quantities of vitamin By are included in the medium (1, 2); 
however, the requirement of this organism for tryptophane is apparently 
not affected by the addition of vitamin Bs (2). Earlier studies showed that 
indole and anthranilic acid have appreciable tryptophane activity for L. 
arabinosus (3-7) but not for Streptococcus faecalis R (3,7). Serine enhanced 
the activity of indole for L. arabinosus when tested with a purified amino 
acid medium, but no increase in the tryptophane activity was noted when 
serine was added to a casein hydrolysate medium (7). Tatum and asso- 
ciates (8-10) have observed that serine is necessary for the synthesis of 
tryptophane from indole by certain Neurospora mutants, while Umbreit 
etal. (11) have shown that pyridoxal phosphate functions as a coenzyme 
for Neurospora in the synthesis of tryptophane from indole. 

In the present study the influence of pyridoxine, pyridoxal, and pyri- 
doxamine and other constituents of the medium on the biosynthesis of 
tryptophane from indole and anthranilic acid by Lactobacillus arabinosus 
was investigated. 


EXPERIMENTAL AND RESULTS 


A purified amino acid medium (12) and a casein hydrolysate medium 
supplemented with cystine (7) and lacking in tryptophane were used. In 
the present study synthetic Lactobacillus casei factor was also added to 
both media at a level of 0.02 y per tube and l-proline was added to the puri- 
fied amino acid medium at a level of 0.5 mg. per tube. In some tests the 
acetate buffer was replaced by a phosphate buffer (1 mm of KH,PO, (2) 
and 10 mg. of sodium acetate (13) per tube). The microbiological tests 
were conducted by incubating the assays for 72 hours at 37° and the acid 


*I wish to thank Frances Panzer for technical assistance; Merck and Company, 
Inc., for supplies of pyridoxal and pyridoxamine hydrochloride, the Dow Chemical 
y and Merck and Company, Inc., for some of the amino acids used in this 

study, and the Lederle Laboratories, Inc., for synthetic Lactobacillus casei factor 
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production determined titrimetrically (bromothymol blue indicator), 
When the phosphate buffer was used, the titrations were carried out with 
a pH meter. 

The tryptophane activity of indole and anthranilic acid was calculated 
from the tryptophane curves obtained with each assay. When variations 
in the basal media were made, a tryptophane curve was included with each 
change in the media and the activity of the compounds tested determined 
from the respective tryptophane curves. In all cases the activity of in. 
dole and anthranilic acid is expressed as the per cent tryptophane activity | 
on a molar basis. 

Influence of Pyridoxine, Serine, and Acctate—-The tirst experiments were 
conducted to determine the effeet of pyridoxine on the tryptophane activity 
of indole and anthranilie acid. Indole and anthranilic acid at concentra- 
tions of 2.5 to 10 y per tube were used and the effect of adding Oand 20 of 
pyridoxine hydrochloride determined. The influence of serine (1 mg. 
per tube of the d/ isomer) tested with the acetate and phosphate buffers 
was also determined. The results of these experiments are shownin Tablel. 

It can readily be seen that pyridoxine has a marked effect on the ability 
of Lactobacillus arabinosus to utilize either indole or anthranilic acid as a 
source of tryptophane. With the purified amino acid medium and an 


2 acetate buffer, less than 5 per cent activity was observed tor indole without 

f: pyridoxine and 91 per cent tryptophane activity with pyridoxine. The 
-. activity was appreciably higher when an acetate buffer was used compared 
Ee to that observed with the phosphate buffer, suggesting that acetate as well 
} 4 as serine is involved in the synthesis of tryptophane. The higher activity 
- obtained with the casein hydrolysate medium compared: to that 
Ee obtained with the purified amino acid medium substantiates an earlier 
observation (7). 
4 The presence or absence of vitamin Bg in the medium did not have any 
. t significant effect on the acid production with the tryptophane standard. 
d : : Similarly, no effeet of the presence or absence of serine could be detected 
with tryptophane. 
: i In the absence of added pyridoxine, appreciable amounts of trypto- 


a phane were formed from indole and anthranilic acid with the casein hy- 


i " drolysate medium, while little or none was formed when the purified amino 

EE acid medium was used. This suggested that small amounts of vitamin Bs 

, present in the casein hydrolysate could account for this difference in trypto- 

e phane activity. Furthermore in earlier work (7) only 2 y of pyridoxine 

f: : were used and a 25 per cent lower activity was observed for indole than was | 
obtained in the present work with 20 y of pyridoxine. : 


Detailed data from a typical experiment on the effect of graded levels | 
of indole and anthranilie acid tested with an acetate buffer and a phosphate 
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buffer are shown in Table II. The differences in the activity obtained with 
the two media are readily apparent. Also, the activity tends to be lower 
at the higher test levels of indole and anthranilic acid with the phosphate 
medium. 

Taste I 


Effect of Pyridoxine on Tryptophane Activity of Indole and Anthranilie Acid for 
Lactobacillus arabinosus 


All values expressed as per cent tryptophane activity on a molar basis. 


Indole Anthranilic acid 
us pyri- No | 
A (acetate) | 
“( “ + serine) 100 <s | | 
“ (phosphate ) <5 
B (acetate) 41 ec | 2s 


“ (phosphate ) 4 & 


* Medium A, purified amino acid medium; Medium B, casein hydrolysate medium’ 


plus cystine. 
¢ 20 y per tube of pyridoxine hydrochloride were used. 


Taste ll 
Effect of Level of Indole and Anthranilic Acid and Buffer Used on Tryptophane 
Actirity* 
Acetate buffer | Phosphate buffer 
per tube | 
2.5 110 65 OS 56 
2.5 | 105 | 60 OS 48 
5.0 | 102 67 a 40 
7.5 | 100 55 75 42 
7.5 | OS io 77 41 
10.0 59 72 36 
10.0 | 100 56 SO 3S 


* In these tests hydrolysate modium plus cystine was used and 20 of 
pyridoxine hydrochloride were added per tube. 


Comparative Effects of Pyridoxine, Pyridoxal, and Pyridoxamine—A 
series of experiments was conducted with indole and anthranilie acid in 
which pyridoxine was added at levels which ranged from 0 to 40 per tube. 
Indole and anthranilic acid were added at levels of 5 y per tube and the 
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per cent tryptophane activity observed. The activity increased with 
higher levels of pyridoxine and reached a maximum with 15 to 20 ¥ of 
pyridoxine added per tube. Experiments were then conducted with pyri 
doxine, pyridoxal, and pyridoxamine and the results are shown in Table 
III. The latter two vitamin Beg derivatives were much more active than 
pyridoxine, which is in agreement with their relative activities for other 
metabolic reactions (14, 15). Pyridoxamine was somewhat more active 
than pyridoxal. Similar tests conducted with anthranilic acid showed that 


III 
Relative Effects of Pyridoxine, Pyridoral, and Pyridozamine on Tryptophane Activity 
of Indole 


An acetate buffer was used with the purified amino acid medium. 5 ¥ of indole 
were added per tube. Pyridoxal, pyridoxine, and pyridoxamine were added as the 
hydrochloride. The amounts indicated are not calculated back to the free base. 


Pyridoxine | Tryptophane | Pyridoxal | Pyridoxamine | 
Autoclaved with medium 
vy pertube | per cent per tube per cent per tube per cent 
0.5 10 0.005 7 0.005 4 
l 13 0.01 14 0.01 72 
2 28 0.02 63 0.02 ne) 
5 51 0.05 75 0.05 14 
10 72 0.1 83 0.1 116 
20 87 0.5 113 0.5 107 
40 85 1.0 107 1.0 116 
Added to medium after autoclaving 
| 65 
2 10 0.01 | 73 0.01 83 
5 | 29 0.02 101 0.02 103 
10 45 0.05 | 99 0.05 | 107 
15 55 0.1 | 99 0.1 | 
20 59 | 
40 | | | 


the comparative effectiveness of pyridoxine, pyridoxal, and pyridoxamine 
was approximately the same as that for indole. 

As in the first experiments, occasionally a low activity (less than 10 per 
cent) was observed when no vitamin Be had been added. In these cases, 
this amount was subtracted from the value obtained at any level of vitamin 
Be derivative in order to express all data on a comparable basis. 

Since pyridoxine has been shown to be converted to some extent 
“‘pseudopyridoxine,” now known as pyridoxal and pyridoxamine, by heat- 
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ing with amino and keto acids (16-19), other experiments were carried out 
in which the vitamin was sterilized separately and graded quantities added 
to the medium after autoclaving. As was expected, the effectiveness of 
pyridoxine was greatly reduced (Table III). Pyridoxal and pyridoxamine 
were more active, which would suggest that either they are converted to 
some extent to pyridoxine during autoclaving or are partially inactivated. 
These data offer further evidence that pyridoxal and pyridoxamine fune- 
tion most effectively in the transformation of indole to tryptophane. 

The activity observed for indole was frequently over 100 per cent of the 
theoretical. This suggests that Lactobacillus arabinosus has a limited 
capacity to synthesize the indole nucleus under certain conditions. This 
observation has also been reported by others (4, 5). The variability in 
tryptophane activity of indole reported by various investigators (3-7) can 
apparently be explained by the fact that different levels of pyridoxine were 
used in the basal media. 


DISCUSSION 


These studies demonstrate another metabolic process in which vitamin 
B, functions. Umbreit and associates (11) have recently demonstrated 
a marked increase in the activity of a cell-free preparation of Neurospora 
for the transformation of indole to tryptophane when pyridoxal phosphate 
was added. Thus, vitamin Bs appears to function in a similar manner for 
both Lactobacillus arabinosus and Neurospora in this synthesis. 

The actual pathways by which anthranilic acid and indole are converted 
to tryptophane are unknown. The effects of serine and acetate suggest 
that they may serve, at least in part, as constituents of the side chain of 
tryptophane. Lyman (2) has shown that acetate and CO, favor the syn- 
thesis of other amino acids by Lactobacillus arabinosus. The effect of 
other amino acids, such as glycine, as well as the effect of CO, may afford 
additional information on the pathways of tryptophane synthesis from in- 
dole and anthranilie acid by this organism. 


SUMMARY 


1. Vitamin Bs is necessary for the metabolic conversion of indole and 
anthranilic acid to tryptophane by Lactobacillus arabinosus. 

2. Pyridoxal and pyridoxamine are much more active than pyridoxine 
for this transformation. The influence of pyridoxal and pyridoxamine 
was increased when added to the medium after autoclaving, while that 
of pyridoxine was decreased. 

3. Serine and acetate appear to increase the activity of indole and an- 
thranilic acid. 
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THE COMPOSITION OF FLAXSEED MUCILAGE* 
hy ERNEST ANDERSON HARRY J. LOWE 


(From the University of Arizona, T ucaon) 


(Reeeived for publication, January 20, 117) 


Flaxseed mucilage contains d-galacturonic acid, /-rhamnose, l-galactose, 
and d-xylose. On partial hydrolysis it yields an aldobionie acid in which 
the d-galacturonic acid is attached by a 1:2 linkage to /-rhamnose (1-7). 
Neville (2) prepared the mucilage in vields as high as 6.3 per cent. He 
described it as a white powder with [a]? = + 10.79°, giving by alkaline 
titration an equivalent weight of 710. He reported that the ash contained 
calcium, potassium, magnesium, iron, and phosphorus. Tipson, Christ- 
man, and Levene (6) found that when the viscous mucilaginous solution is 
heated for a short time in a boiling | per cent solution of hydrochloric acid 
the viscosity decreases greatly and the solution can be filtered rapidly 
through cloth. They prepared the ash-free mucilage by this procedure. 

This investigation is an attempt to determine the percentages of the 
various constituents in the mucilage and the order in which they are lib- 
erated during hydrolysis. 


EXPERIMENTAL 


Preparation of the Mucilage—The unchanged mucilage was prepared 
from freshly cleaned flaxseed as described by Neville (2, 7). When the 
thick extract was poured into 5 volumes of ethanol without stirring, a white 
fibrous mass soon rose to the surface, leaving the heavier impurities below. 
This mass was lifted out and added to fresh ethanol and later filtered at 
the pump. It was washed with ethanol and ether and dried rapidly in 
pacuo. 

The ash-free mucilage, or linseed acid, was prepared rapidly and easily 
directly from flaxseed by a slight modification of the procedure of Tipson, 
Christman, and Levene (6). Clean flaxseed was mixed in a large flask 
with 4 times its weight of water and allowed to stand for 24 hours. The 
mixture was then heated in a bath of boiling water until the temperature 
inside the flask was 80°. Sufficient concentrated hydrochloric acid, mixed 
with 2 volumes of water, was then added to make the solution 2 per cent 
acid and the heating at 80° was continued for 3 minutes. The hot solution 
was filtered rapidly, at the pump, through several layers of cloth and the 
seed was washed twice with water. The filtrate was immediately added 


* This investigation was carried out during 1943-45 while Harry J. Lowe was 
@udying for the degree of Master of Science. 
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to 5 volumes of ethanol and the product isolated as previously described, 
The yield was 5.8 per cent of white, fluffy linseed acid. On standing, an 
additional 0.4 per cent settled out of the alcohol. However, it was higher 
in ash and poorer in quality than the main preparation. 

Analysis of Flaxseed Mucilage and Its Acid—The mucilage and its free 
acid were analyzed for ash, uronic acid anhydride, xylan, rhamnosan, ga- 
lactan, {a];°, and the equivalent weights were calculated from the per 
cent uronic anhydride and determined by alkaline titration of the free acid, 
The results of the analyses are given in Table I. Most of the de 
terminations were made by standard methods and need not be described. 
Xylan and rhamnosan were determined from the phloroglucides by the 
method of Tollens and Ellett (8). Many investigators have been unable 
to obtain satisfactory results with this method. It does not seem sound 
theoretically, since it is based on the assumption that mixed phloroglucides 
of furfural and methy] furfural are not formed when a mixture of the two 
furfurals is treated with phloroglucinol. The formation of plastics by _, 
phenols and various furfurals suggests that this assumption may not be 
correct (9). In the present investigation extraction of the phloroglucides 
with 95 per cent ethanol in the Tollens-Ellett procedure left large amounts 
of rhamnosan phloroglucide undissolved. This would be expected if 
mixed phloroglucides of the two furfurals, similar to plastics, were formed 
when phloroglucinol is added to a mixture of the two furfurals. When the 
galactan in linseed acid and the salts of the aldottionic acids were deter- 
mined by oxidation to mucic acid with nitric acid as directed by van der 
Haar (10), exactly 1 mole of galactan was in each case obtained for each 
equivalent weight of the acid that was being oxidized. When the per cent 


: galactan was calculated by difference between 100 and the sum of the other 
percentages, it agreed closely with the experimental determination. The 
rr mucic acid must come in part from d-galacturonic acid and in part from the 
F l-galactose since it is known that neither of these, when in combination, 
EB is oxidized quantitatively by nitric acid to mucic acid. 

:* Comments on Table I—The results are calculated to the ash-free basis. 
tr During the investigation many preparations of the mucilage and the free 
be acid were analyzed. These materials cannot be purified in the usual sense 
e of the word. When they are hydrolyzed by heating with a dilute acid, 


varying amounts of an insoluble residue remain. This consists in part of 
iB polymerized furfural and in part of materials that passed into colloidal 
e solution during extraction of the seed and were precipitated with the 
f mucilage. The equivalent weight of different preparations of the mucilage 
varied considerably , depending on how clean the seed was and how much of 
this foreign material was present. The high equivalent weight, 731, of 
this sample of mucilage is due to the presence of these impurities. 
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of this foreign material is removed by conversion to the free acid, since the 
equivalent weight of the acid, 639, is near the theoretical equivalent weight, 
634. If the percentages of uronic acid and xylan plus rhamnosan, 26.4 
and 39.6, in the mucilage are corrected for this foreign material, they 
become 30.46 and 45.66, which approximate the theoretical percentages of 
the free acid. 

Difficulty was met in getting checks in the uronic acid termination both 
of the mucilage and of the free acid. 


Taste I 
Analysis of Flarseed Mucilage and Its Free Acid 
he, Mucilage Free acid 
Found aah Found Theory 
(e) (d) 
0.87 0.91 0.00 
6.02 6.04 6.88 6.94 
Uronie acid, % 26.40 30.46 30.33 30.60 
| 12.40 14.30 11.75 23 .03 
Xylan + rhamnosan,%....... ....... 39.60 45.66 44.30 43.85 
Equivalent weight from CO,..... (oon oe 634 639.00 | 634.00 
653 .00 634 .00 
+10.78t | +12.08 | +11.9 
Insoluble residue, 1.76 0 
Galactan by difference, %. .. 23.88 23.61 25.55 


* The data in column (a) multiplied by 731/634 | give the values in column (d). 
t This value was reported by Neville (2) for a mucilage with an equivalent weight 
710. 


The per cent xylan was always much higher and of rhamnosan much 
lower than the theory. However, the sum of these two percentages found 
checked closely the theoretical sum of the two. It may be that when 
phloroglucinol is added to a mixture of the two furfurals mixed phlo- 
toglucides are formed which cannot be separated by extraction with 95 
percentethanol. Since, as will be shown later, the aldotrionic acid formed 


by partial hydrolysis of the mucilage contains | mole of rhamnosan for each 
equivalent weight and approximately 1 mole of xylan was hydrolyzed off, 
. itappears that in the linseed acid the xylan and rhamnosan are present in 
molecular proportions. 

The mucilage is chiefly the calcium salt of linseed acid. Its equivalent 
weight should be 654. The [a]>° found for the mucilage was reported by 
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Neville to be +10.78° and the equivalent weight 710. This would cor. 
respond to [a]> = +12.08° for the linseed acid, which was found experi- 
mentally to be +11.9°. 

Since crystalline d-xylose, l-galactose, and /-rhamnose were repeatedly 
obtained from the sugar syrups and no evidence of any other sugars was 
obtained, the results summarized in Table I, together with those given 
later in Table II, indicate strongly that the ash-free mucilage or linseed acid 
is composed of molar equivalents of d-galacturonic acid and each of the 
above three sugars. 

Tests for Other Sugars—Non-crystalline sugar syrups obtained after 
heating the mucilage for 10 hours with a 4 per cent solution of sulfuric 
acid and removal of some crystalline d-xvlose and /-galactose did not fer- 
ment when treated with ordinary yeast and gave no mannose phenylhydra- 
zone when treated with phenylhydrazine in the cold. These syrups still 
contained large amounts of d-xylose and /-galactose as shown by the Ber- 
trand and mucic acid tests. Also the non-crystalline syrup remaining 
after isolation of /-galactose from the aldotrionic acid showed no fermenta- 
tion with ordinary yeast but did give the mucic acid test for galactose. 
The common sugars fermentable by ordinary yeast are thus absent. No 
positive evidence of any sugar, except the three already described, has been 
obtained. 

Hydrolysis of Mucilage—Previous work (3) has shown that /-rhamnose is 
attached directly to the d-galacturonic acid and is the last sugar liberated 
during hydrolysis of the mucilage. To determine which sugar is first 
liberated the mucilage was fractionally hydrolyzed and the free sugar sep- 
arated from the resulting aldotrionic acid. During these fractional 
hydrolyses it was not possible to liberate all of the first sugar that is freed 
and none of the second sugar. Mixtures of sugar acids result, some con- 
taining all three sugars, some with two sugars attached, and some with 
only the /-rhamnose. Furthermore when a bivalent metal such as barium 
is used, mixed salts containing two different acid radicals attached to the 
same positive ion are precipitated by addition of alcohol. After many 
fractional hydrolyses, the following procedures showed that d-xylose is the 
first sugar liberated and that the aldotrionic acid consists of d-galacturonic 
acid, /-rhamnose, and l-galactose. 

Hydrolysis with Sulfuric Acid and Isolation of d-Xylose—At different 
times several lots of linseed acid were dissolved in 24 times their weight of a 
4 per cent solution of sulfuric acid and heated to 80° for 4 hours. After 


‘neutralization with barium carbonate, the solutions were filtered from 


barium sulfate and the filtrates were concentrated in vacuo. The barium 
salts were separated from the sugar by precipitation with alcohol. The 
salts were purified by dissolving in water and reprecipitating with alcohol. 
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The alcohol solutions of the sugars were concentrated in vacuo and freed 
of small amounts of salts by addition of aleohol. When the sugar syrups 
were dissolved in glacial acetic acid, crystalline d-xvlose was obtained in all 
cases. On analysis, the barium salts showed equivalent weights, calcu- 
lated from the per cent carbon dioxide, that varied between 510 and 550. 
Since the equivalent weight of the barium salt of an aldotrionic acid con- 
sisting of d-galacturonic acid, l-rhamnose, and l-galactose should be 570, it 
is evident that all of the d-xylose and some of the /-galactose had been 
freed. 

For example, in one case 50 gm. of linseed acid were hydrolyzed and the 
salts and sugar syrup were isolated. On analysis the sugar syrup was found 
to contain 8.76 gm. of xylan and 0.878 gm. of galactan and no rhamnosan. 
These weights correspond respectively to 17.5 and 1.75 per cent of the 
original linseed acid. Since this acid contained approximately 21 per cent 
xylan and 25 per cent galactan, it is evident that most of the xylan and a 
small part of the galactan were free in the sugar syrup. On analysis, the 
barium salt gave no xvlan, 29.2 per cent rhamnosan, 8.58 per cent carbon 
dioxide, and had an equivalent weight of 518. 

Hydrolysis with Hydrochloric Acid and Preparation of Aldotrionie Actd— 
Numerous hydrolyses of the linseed acid with a 2 per cent solution of hy- 
drochloric acid showed that heating for 1 hour at 80° gave an aldotrionic 
acid composed of d-galacturonic acid, /-rhamnose, and [-galactose. In 
these hydrolyses the linseed acid was dissolved in 24 times its weight of 
water and pressed through cloth to remove any lumps. The solution was 
then heated to 80°. Sufficient concentrated hydrochloric acid to make 
the solution 2 per cent acid was mixed with twice its volume of water and 
heated to 80°. The two solutions were mixed and the heating at 80° was 
continued for 1 hour. The solution was then rapidly neutralized. In 
some experiments sodium hydroxide solution was used to neutralize the 
acids. In other experiments a hot strontium hydroxide solution was used 
for this purpose. The latter is the more satisfactory, since the strontium 
salts are less soluble and require less alcohol for precipitation’ The salts 
were precipitated by addition of the solution to aleohol. The corresponding 
sodium and strontium salts of the aldotrionic acid were freed of chlorides by 
washing with 85 per cent alcohol. The results obtained on analysis of 
these salts are given in Table II. 

When the filtrates from the preparation of the aldotrionic acids were 
analyzed, approximately 18 per cent of the weight of the linseed acid used 
appeared as xylan and 1.5 per cent as galactan. No rhamnosan was found 


in the filtrates. Since these percentages correspond to most of the xylan 
present in the linseed acid and only a small part of the galactan, the re- 
sults indicate that d-xylose is the first sugar liberated. 
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Comments on Table II—The theory is calculated for the salts of an 
aldotrionic acid composed of d-galacturonie acid, l-rhamnose, and Lga- 
lactose. All of the xylan should have been hydrolyzed off. However, in 
the rhamnosan determination some of the phloroglucides did not dissolve 
and there probably were small amounts of xylan present. This could have 
been furfural from the galacturonic acid. 

The galactan determination was carried out by the van der Haar method. 
The results have been discussed. 

In general the barium or strontium salts of sugar acids with a free sugar 
group give high values for the metal. It may be that the sugar group, 
possibly in the enolic form, reacts with some of the hydroxide. This would 
explain the high percentage of strontium in the salt. 


Taste Il 


Analyses of Sodium and Strontium Salis of Aldotriontc Acid from 
Hydrolysis of Linseed Acid 


Sodium salt | Strontium salt 
- Found Theory Found Theory 
Carbon dioxide, %....................| 8.39 | 8.40 | 8.10 | 8.08 
Equivalent weight... 524 524 513.0 | 545 
sy Rhamnosan + xylan, %.... | 27.45 27.86 | 28.50 26.78 
P Galactan, %.............. 31.50 | 30.9 | 31.80 | 29.72 
Sodium or strontium, %.... 4.25 4.39 0.20 8.03 


The great increase in dextrorotation of the linseed acid during hydrolysis 
is probably due in part to depolymerization of the complex molecule rather 
than simply to the liberation of d-xylose. 

Hydrolysis of Aldotrionate and Isolation of l-Galactose—36 gm. of stron- 
ip tium aldotrionate were heated for 4 hours in a bath of boiling water with 
1 liter of 4 per cent sulfuric acid. The solution was neutralized with 
iF barium carbonate, decolorized with carbon-black, and concentrated im 
A vacuo to 200 cc. The concentrate was added slowly to 6 volumes of aleohol 
4 and the barium aldobionate was filtered off, redissolved in water, and again 

4 


precipitated by ethanol. The ethanol sugar solution was concentrated i 
vacuo to a small volume and taken up in ethanol to remove small amounts 
of barium salts. The gum sugar finally obtained weighed 11 gm. It was 
stirred in a bath of boiling water with 1 cc. of water. Then 6 cc. of glacial 
acetic acid were added and the stirring was continued until all dissolved. 
The solution was cooled and seeded with l-galactose. In a short time the 
solution became solid with crystals. The first crop weighed 2.5 gm. and 
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the second crop 0.25 gm. ‘The filtrate from the second crop was diluted 
with ethanol. This precipitated some gummy barium salt. After con-. 
centrating the filtrate, a third crop of /-galactose was obtained which 
weighed 0.25 gm. The total yield of crystalline l-galactose was 8.3 per 
cent. The first crop of crystals, after addition of 1 drop of ammonia, 
showed [a] >= —78.8°. On oxidation with nitric acid this gave mucic acid, 
melting at 216°. This hydrolysis of strontium aldotrionate has been re- 

many times, always with approximately the same results. The 
yield of crystalline /-galactose varies from 5.5 to 8.5 per cent of the aldo- 
trionate used. ‘The theoretical yield should be 33 per cent. There is 
certainly considerable loss of the sugar in the precipitates and during decol- 
oration and some remains in the non-crystalline syrups. 

In one case in which the sugar stood some days with glacial acetic acid 
before seeding, 14 minutes after solution the first crop of crystals showed 
aj? = —120° and 2 minutes after solution —110°. In approximately 
10 minutes [a];> = —90°. When a drop of ammonia was added [a]? = 
-78.8°. This mutarotation indicates that the sugar, under these con- 
ditions, crystallizes in the a form, [a]? = — 145°. 

The preparation of /-galactose as described by Anderson (4) often yields 
chiefly d-xylose because the two sugars are present in the hydrolysate. 
This difficulty can be avoided by first preparing the strontium salt of the 
aldotrionic acid, thus removing the d-xylose, and afterwards hydrolyzing 
the aldotrionic acid and isolating the /-galactose. In this preparation it is 
not necessary to isolate the mucilage. The flaxseed is extractea for 3 
minutes at 80° with a 2 per cent solution of hydrochloric acid. The hot 
solution is filtered from the seed and the heating at 80° is continued for 
SS minutes. The hot solution is carefully neutralized with a hot strontium 
hydroxide solution and the strontium aldotrionate is precipitated by addi- 
tion to 6 volumes of ethanol. It is then purified and the I[-galactose 
liberated. 

Heating Linseed Acid to 80° for 3 minutes in 2 Per Cent Solution of Hy- 
drochloric Acid—10 gm. of linseed acid were dissolved in 700 cc. of water 
and the solution was heated to 80°. To this were added 300 cc. of a solution 
containing 45 cc. of concentrated hydrochloric acid which had been heated 
080°. The heating at 80° was continued for 3 minutes. At this time the 
solution had lost its high viscosity and could be poured rapidly through 
doth. It was cooled in an ice bath to 30° within 3 minutes and sodium 
hydroxide solution was carefully added until the solution was slightly 
acid. At this time the solution was viscous, like flaxseed mucilage. It was 
poured into 12 volumes of ethanol and the flocculent precipitate was iso- 
lated and washed with 85 per cent ethanol until free of chlorides. A 
carbon dioxide determination showed an equivalent weight of 670. The 
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alcohol filtrate was concentrated in vacuo, Pentosan and uronic aeid de 
terminations showed that it contained no more than traces of xylose or 
galacturonic acid. Evidently the muecilage undergoes no appreciable 
change in composition under these conditions. 

Structure of Flaxseed Mucilage—Aside trom the presence of a 1:2 linkage 
between the d-galacturonic acid and /-rhamnose, little is known of the 
structure of the unchanged mucilage. It seems to be composed of a series 
of polymerized molecules of an aldotetronic acid containing d-galacturonie 
acid, /-rhamnose, l-galactose, and d-xylose. It does not reduce Fehling’s 
solution. Its physical properties resemble those of starch to a considerable 
extent. This suggests that it may have some form of a branched chain 
structure. While d-xylose is the first sugar liberated, this does not imply 
that the three sugars form a chain with the /-galactose in the middle. The 
repeating unit may be the aldobionie acid with the /-galactose and d-xylose 
as side chains or it may be the aldotrionic acid with the d-xylose attached 
as a side chain in the furanose form. Work is now in progress on the oxi- 
dation of the aldotrionic acid to a dibasic acid which should throw further 
light on the structure of the mucilage. Probably the first step in the 
hydrolysis of the mucilage consists in depolymerization of the large ag- 
gregate because heating to 80° in a 2 per cent solution of hydrochloric acid 
for some time is necessary before appreciable reduction of Fehling’s solution 
occurs. 

SUMMARY 


1-A rapid method for preparing the free acid of flaxseed mucilage, 
linseed acid, directly from the seed is described. 

2. Analysis of flaxseed mucilage and linseed acid shows that they are 
composed of molar equivalents of d-galacturonic acid, l-rhamnose, l-ga- 
lactose, and d-xylose. 

3. During hydrolysis of the mucilage d-xylose is the first and /-galactose 
the second sugar to be liberated. 

4. An aldotrionic acid composed of molar equivalents of d-galacturonic 
acid, l-rhamnose, and /-galactose has been isolated. 

5. An improved method for preparing [-galactose from the mucilage is 
described. 

6. Flaxseed mucilage seems to be the salt of a polymerized aldotetronie 
acid composed of molar equivalents of d-galacturonic acid, /-rhamnose, 
l-galactose, and d-xylose. The physical properties of the mucilage suggest 
that it has a branched chain structure. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


I. GENERAL PRINCIPLES* 


Br BERNARD B. BRODIE, SIDNEY UDENFRIEND, anv JOHN E. BAER 
(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


Simple and reliable methods for the measurement of the concentration 
of therapeutic agents in biological materials greatly facilitate the study of 
the agent’s physiological disposition, upon which sound therapy must be 
based. The intermediate metabolism of a therapeutic agent cannot be 
studied in the absence of methods for its estimation. And finally, knowl- 
edge of the concentration of an agent in the tissues and fluids of the host, 
animal or human, is of considerable value in studying the mechanism of 
drug action. Unless the concentration in vivo of an agent, achieved in a 
specific tissue after therapeutic dosage, is known, the interpretation of 
studies in vitro with the agent is open to question. 

The problem of devising analytical procedures for the estimation of a 
large number of compounds, in connection with an antimalarial clinical 
testing program, was simplified by a scheme for the analysis of basic organic 
compounds. ‘The principles involved in this scheme are presented here and 
should be applicable to the development of methods for other basic thera- 
peutic agents. The various methods, with examples to illustrate their 
ensitivity and specificity, will be described in subsequent papers. 

The scheme involves the isolation of the compounds from their metabolic 
products and from normally occurring substances by extraction procedures. 
The concentration of the compound is increased if necessary by returning 
ittoa small aqueous phase. The method for the final estimation is deter- 
mined by the properties of the compound and depends on fluorometry or 
photometry. A general technique of appraising specificity is based on a 
comparison of the solubility characteristics of the pure compound with those 
df the material extracted from the biological material obtained from a host 
to which the drug has been administered. Data obtained from this com- 
parison may be used to modify the initial extraction procedure so as to 
eparate interfering drug metabolites from the unchanged drug. 


*The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
ibstract form (Federation Proc., 6, 124 (1946)). 


| 
299 


300 BASIC ORGANIC COMPOUNDS. I 


The application of this systematic approach to a basic organic compound n 
includes a number of discrete steps which are described below. h 
Selection of Method of Assay . 

The simplicity and speed of fluorometric assay recommend it as the ol 
method of choice when possible. The successful application of this tech. as 
nique is limited, however, by the available mercury are instruments which  —_ ey 
confine the wave-length of the activating radiation to the 365, 405, and th 
436 my lines. Compounds whose fluorescence may be activated by light —__ of 
of other wave-lengths cannot be measured with these instruments. A 
Some compounds can be converted to fluorophores by suitable treatment, (§ — 1- 
such as oxidation, hydrolysis, or ultraviolet irradiation. Other methods of ab 


producing fluorescent compounds may also be possible. This approach 
has been found especially favorable when the compound in question has an 
absorption maximum above 300 my. A nuclear change in the molecule | 
may then be accompanied by a shift of its absorption spectrum towards the 
higher wave-length and into the range of one of the mercury are emission 
bands. 

The fluorescence of the compound in water is measured at various pH 
levels to determine the conditions of maximal sensitivity. ‘To determine 
whether the compound will fluoresce with sufficient sensitivity in an organic 
solvent, the compound is extracted into the selected solvent (see later) and : 
its fluorescence measured after the addition of 0.1 volume of a 25 per cent 
solution of trichloroacetic acid in ethylene dichloride. 

If fluorescence techniques cannot be applied, a coupling reaction to form 
a dye is next tried. Aromatic amines may usually be diazotized and 
coupled with N-(1-naphthylethylenediamine (1). Substituted aromatic 
amines, if the position para to the amino group is free, may usually be 
coupled with diazonium salts to form colored azo compounds (2). Certain | 
primary amines, for instance 2,6-diaminopyridine, which diazotize with 
difficulty, may be coupled with diazonium salts. The above reactions are 
not subject to interference from organic extractable substances normally 
occurring in biological material. Consequently, high sensitivity may be 
achieved by making the final photometric measurement in a small volume. 

Most organic bases form methyl orange salts, which are highly soluble | 
in certain organic solvents, but relatively insoluble in water. Bases may, | 
therefore, be assayed indirectly through the extraction of their methyl 
orange salts into an organic phase. The methyl orange which goes into the 
organic phase is measured photometrically (3). This general reaction has 
been used in the design of analytical procedures for a large number of or- 
ganic bases. Here, too, in many cases, the final photometric measurement : 
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may be made in a small volume. The sensitivity of this reaction is limited, 
however, by the interference of a small amount of naturally occurring sub- 
stances in the plasma. 

Although speetrophotometry in the ultraviolet region lacks the sensitivity 
of the methods of assay previously described, it is useful as a final means of 
assay in certain instances, and as an aid in developing procedures which 
eventually involve other principles of assay. The absorption spectrum of 
the compound in 0.1 N ESO, is investigated to determine the wave-length 
of the absorption maximum most suitable for quantitative measurements. 
A basic compound is usually suited for measurement in the ultraviolet if 
1 y per ml. results in an optical density of 0.050 or more at some wave-length 
above 240 mu. 


Extraction of Compound from Aqueous Solution 


The solvents that have been used in the procedures for basic compounds 
are, in order of diminishing polarity, ethylene dichloride, benzene, and pe- 
troleum ether or heptane. Technical grades of these solvents have been 
found quite satisfactory provided that contaminants are first removed by 
acid and alkaline washes. Most petroleum ethers have been found to be 
unsuitable when the fluorescence measurement is made directly in this 
solvent because of a high fluorescence blank. Heptane, however, may be 
used in these instances. 

The adsorption of compounds from organic solvents, by glass surfaces, 
may constitute a major source of error in the procedures described here 
because of the micro amounts involved. The extent of this adsorption 
depends on the properties of the compound and on the polarity of the 
solvent, the adsorption being greatest from the less polar solvents. The 
loss is minimized by the addition of an alcohol to the solvent before or 
subsequent to the initial extraction. The extent of adsorption of chloro- 
quine quinoline) from 
various solvents, with and without the presence of ethanol is shown in 
Table I. The data indicate that more of this compound is adsorbed from 
heptane, the least polar solvent, and that ethanol minimizes this adsorption. 
Some organic bases also are adsorbed on glass from neutral or alkaline 
aqueous solutions. For this reason standards are routinely made up in 
acid solution. The solvent of choice is the one which will extract the com- 
pound quantitatively with the least amount of its interfering metabolites. 
To select the solvent and define the pH for the extraction, the fraction of 
the compound extracted from water is measured at various pH values (1 to 
14) with each solvent. A simple way of doing this is to extract relatively 
large amounts of the drug (in the order of 10 y per ml.) with equal volumes 
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of solvent and measure the unextracted residue by ultraviolet absorption. 
The solvent of choice is, as is shown later, the least polar one which will 
extract the compound quantitatively. 

Recoveries of Known Amounts of Compound from Aqueous Solution— 
Known amounts of the compound (in the range of 0.25 to 10 y) are extracted 
with the selected solvent and estimated by the method of assay found to be 
the most suitable. The amount of compound to be carried through the 
procedure will depend on the sensitivity of the final measurement. The 
exact conditions of the procedure will depend of course on the solvent used 
and on the final method of assay. These conditions are described in the 


subsequent papers of this series. 


Taste I 
Adsorption of Chloroquine on Glass from Various Organic Solvents 

Duplicate 10 y samples of chloroquine were extracted from alkaline solution into 
150 ml. of solvent. After separation of the phases, 2 ml. of ethanol were added to 
the organic phase of one sample, the other being used as a control. The aqueous 
phase was discarded, and 15 ml. aliquots of solvent were removed at intervals and 
analyzed for chloroquine. The recovery of chloroquine at zero time is arbitrarily 
designated as 100 per cent. 


Per cent recovery of chloroquine : 
Time From ethylene dichloride From benzene From heptane 
Without With ethanol | Without with ethanol | Without with ethanol 
min. 
0 100 100 100 —-:100 100 100 
5 98 101 96 100 4 97 
15 99 100 100 104 81 | 104 
30 97 98 100 106 © 76 | 16 
60 100 99 106 100 


Extraction of Compound from Biological Material 


Plasma'\—The handling of the plasma in the extraction procedure varies 
somewhat with the solvent used. As a rule, with ethylene dichloride, the 


1 Certain drugs, such as quinacrine and chloroquine, are greatly concentrated in 
the leucocytes. Therefore, special precautions in the preparation of plasma for 
analysis are required. Potassium oxalate is used as the anticoagulant. The use of 


ammonium oxalate must be avoided because exchange of the ammonium ion with the 
drug concentrated in the leucocytes may result in erroneously high plasma values 
(4,5). The blood is centrifuged immediately, at 1500 r.p.m. for 30 minutes, and the 
plasma is separated carefully from any solid residuum. This procedure is deemed 
advisable in order to remove any possibility of contarainating the plasma sample 
with leucocytes or leucocyte fragments. 
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plasma (up to 10 ml. volume) is alkalized with 1 ml. of 2.5 N NaOH. 10 
minutes of shaking in a glass-stoppered bottle are usually sufficient for 
complete extraction. The phases are separated by transferring the con- 
tents of the bottle to a test-tube, centrifuging at 3000 r.p.m., and removing 
the aqueous phase by aspiration. The larger volumes of plasma, when 
extracted with ethylene dichloride, sometimes result in the formation of a 
gel in the organic phase. The formation of these gels is minimized if the 
ethylene dichloride is added first to the bottle and the plasma carefully 


layered on the solvent without preliminary mixing. This prevents the 


formation of air bubbles at the interface of the two liquids. 

With benzene as the solvent the procedure is the same as with ethylene 
dichloride except that it is nct necessary to transfer to a tube for centrifuga- 
tion, as the two phases usually separate easily or, if necessary, the bottle 
and contents may be centrifuged directly. 

When heptane or petroleum ether is used, the plasma is diluted with an 
equal volume of 0.1 ‘ NaOH and the mixture is shaken for 30 minutes. 
Dilution is necessary, since the plasma otherwise becomes quite viscous. 


-This may result in incomplete extraction of the base because of the ineffi- 


cient mixing of the two phases. When these solvents are used, the two 
phases separate easily, though again it is occasionally necessary to centri- 
fuge the bottle and contents. 

Certain organic bases may be determined directly in plasma filtrates after 
protein precipitation. This type of procedure has been described pre- 
viously for the fluorometric determination of quinine (6). It has the ad- 
vantages of speed and simplicity, but it lacks specificity, since interfering 
metabolic derivatives of the compound are not removed. In certain cases 
this method may be used routinely as an approximation procedure, provided 
the magnitude of error involved has been assayed by comparison with an 
extraction procedure of known specificity. 

Tissues—Up to 2 gm. of tissue are added to 5 ml. of 0.1 N HCl and ground 
to an emulsion in an electricaily driven homogenizer. This homogenizér 
consists of a glass cylindrical cup in which a close fitting ground glass pestle 
is mechanically rotated? Cell fragmentation is complete. The emulsion, 
diluted if necessary with water, is transferred with a pipette prior to its 
extraction. 

Feces—20 ml. of concentrated HCl are added to the feces and the whole 
diluted to 2 liters. The mixture is shaken on an automatic shaker until a 
homogeneous suspension results. The emulsion is then ready for ex- 
traction. 

Urine—The urine is handled in the same way as plasma. 


* A satisfactory device is distributed by the Scientific Glass Apparatus Compan) | 
Bloomfield, New Jersey. 
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Recoveries of Known Amounts of Compound from Biological Material~ 
Known amounts of the compound are equilibrated with plasma for several 
hours. Aliquots of the plasma are analyzed in the same way as the aqueous 
solutions described above. Occasionally the recoveries from plasma are 
incomplete, even though recoveries from water under similar conditions are 
quantitative. This is due to binding on plasma constituents. 

The following should be tried. (a) The plasma is adjusted to the lowest 
pH which has been shown to allow complete extraction of the compound 
from water. The binding of organic bases on plasma constituents js 
minimized at the lower pII values. For instance, a large series of dialkyl- 
aminomethylmethanol derivatives of phenanthrene, ¢.7., 1706" (a-(di- 
amylaminomethyl)-9-(1 can be 
extracted quantitatively from alkaline aqueous solutions but not from 
alkaline plasma. However, the salts of these bases are soluble in organie 
solvents, and, since the plasma binding is reversed in an acid medium, com- 
plete extraction is achieved from acidified plasma. (b) Longer shaking, 
up to 1 hour, may result in complete extraction. (c) The extraction is 
tried with a more polar solvent. The resulting loss of specificity may be 
corrected, if necessary, by returning the compound from the solvent to 
acid, from which the compound may be extracted, after alkalization, into 
a less polar solvent. 

After adequate recoveries of the compound from biological material are 
achieved, the next step is to determine whether the method is sensitive 
enough for estimation of the tissue levels after a prescribed dose. The drug 
is administered in the required dosage and the tissue concentrations deter- 
mined. If the amounts in a particular tissue are too small for estimation, 


the procedure must be revised accordingly. 
Assay of Specificity 


The choice of the proper solvent is important in determining the speci- 
ficity of an analytical procedure. Experience has shown that, as a rule, 
_ basic organic compounds are metabolized in the body to substances more 
polar than the parent compounds. They have, therefore, lower distribu- 
tion coefficients between organic solvents and water than the parent drugs. 
This solubility differential may be exploited to facilitate their separation by 
choosing for the extraction the least polar solvent which quantitatively 
extracts the parent drug. Either all or a considerable fraction of the rela- 
tively polar metabolic products may then be left behind in the initial 


* The SN number refers to the number assigned to the compound by the Survey of 
Antimalarial Drugs, conducted in behalf of the Committee on Medical Research, 
Office of Scientific Research and Development, and the Board for the Coordination 
of Malarial Studies. 
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extraction, and the remainder removed by suitable aqueous washes of the 
solvent extract. Also, in those procedures in which « biological blank 
interferes in the final reaction, the blank is minimized by the use of a solvent 
with as low a polarity as possible. 

Examples demonstrating the importance of the choice of the proper 
solvent are shown in Table If. Quinine is metabolized in the human to a 
derivative which contains an additional oxygen in the quinuclidine ring. 
The fractions of quinine and its metabolie derivative extracted from 
aqueous solution by various solvents at different pL values are compared 
in Table Il. The data indicate that the least polar solvent which achieves 
complete extraction of quinine is benzene at pH 10 or higher. On the other 


Tasie Il 
Distribution of Quinine and One of Its Metabolic Derivatives between Water and 
Solvents at Various pH Values 
The fraction of the compound extracted at various pH values is expressed as the 


ratio of the amount of compound in the organic phase to total compound after shak- 
ing the buffered solution with an equal volume of solvent. 


Petroleum ether-water system Benzene-water system Ethylene 
stem 


Cuinine | | uinne | Quine | Quinine | Quine mete 
6 | 0.02 | 0 0.12 0 0.31 0 
7 (0.04 0 | 0.80 0 
8 | 0.05 0 1.00 | 0.06 0.98 0 
9 0.13 0 - 1.00 | 0.10 1.00 0.27 
10 0.26 — 0 1.0 | O14 1.00 0.31 
11 | 0.31 | 0 1.00 | 0.13 1.00 0.37 
0.28 0 100 O14 1.03 0.29 


NaOH) 


hand, the extraction of the metabolic derivative is relatively slight with 
benzene, though appreciable with ethylene dichloride. It may be con- 
cluded from these results that benzene is the solvent of choice for the 
extraction of quinine, since it quantitatively extracts quinine with little 
extraction of the metabolic product. Furthermore, the data indicate that 
the fraction of the metabolic product which does pass into the benzene may 
be removed by aqueous alkaline washes. 

A further example of the importance of the proper choice of solvent in 
determining the specificity of a method is shown in the case of chloroquine. 
Chloroquine is metabolized in the human to derivatives which are present in 
plasma. ‘These have been separated from plasma but have not been iso- 
lated in the pure state. The solubility characteristics of chloroquine and 
its metabolic derivatives are compared in Table III. The data indicate 
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that both chloroquine and its metabolic derivatives are extracted com- 
pletely from aqueous solution by ethylene dichloride between pH 9 and 13 
and that, therefore, no separation of the compounds may be made with 
this solvent. But with heptane, a less polar solvent, a separation is made 
at the higher pH. Here a portion of the metabolic derivatives remains 
behind in the initial extraction. The rest may be removed by washing 
the solvent extract with alkali. - 

The examination of the specificity of a method has been discussed in a 
previous paper (3) and the principles need not be repeated here. The tech- 
nique has been modified so that smaller amounts of drug may be handled. 
' The amourts required for the procedure described below range between 3 
and 20 7, depending on the sensitivity of the final measurement. 


Taste III 


Distribution of Chloroquine and Its Metabolic Derivatives between Water 
and Solvents 


The fraction of the compounds extracted at various pH values is expressed as the 
ratio of the amount of compound in the organic phase to total compound after shaking 
the buffered solution with an equal volume of solvent. 


Heptane-water system Ethylene dichloride-water system 


9 fo. 
14 (1 nw NaOH) 1.00 0.51 | 1.00 1.00 


The revised technique for assaying specificity was applied to chloroquine 
as follows: A volume of plasma from a patient receiving chloroquine, con- 
taining about 5 to 10 y of apparent drug, was shaken for | hour with 6 
volumes of heptane and | volume of 0.1 N NaOH. After the phases had set- 
tled, 1 ml. of ethyl alcohol for each 75 ml. of heptane was mixed with the hep- 
tane phase so as not to disturb the aqueous phase. As much as possible 
of the solvent was separated and the drug returned to 10 ml. of 0.1 ~ HCl. 
An aliquot of this solution was assayed for chloroquine and on the basis of 
this assay the solution diluted to contain about 0.5 y of drug per ml. Twol 
ml. aliquots of the solution were set aside for direct analysis. 1 ml. aliquots 
of the solution were neutralized by the addition of 1 ml. of 0.1 ~ NaOH and 
15 ml. of the appropriate buffer were added. 15 ml. of heptane were added 
and the mixture shaken for 15 minutes. The heptane phase was assayed 
for chloroquine as described in the method for 4-aminoquinolines (7) and 
the fraction of apparent drug extracted at each pH calculated. 

Results of a comparison of a solution of pure chloroquine with the appar- 
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ent chloroquine extracted from plasma as described above are shown in 


Table IV. It is apparent that the heptane extract of plasma contains some — 


material with solubility characteristics which differ from those of pure 
chloroquine by being water-soluble at the higher pH values. These data 
suggest that an alkaline wash of the heptane extract of the plasma will 
confer additional specificity on the analytical procedure, 


Tasie IV 
Distribution of Chloroquine and Apparent Chloroquine between Water and Heptane 
at Various pH Values 

The apparent chloroquine was obtained by extraction, with heptane, of the 
plasma of a patient receiving the drug. The compound was then returned to dilute 
acid. Aliquots of this solution and of a chloroquine solution were adjusted to 
various pHi values and shaken with equal volumes of heptane. The fraction of the 
compound extracted at the various pH values is expressed as the ratio of the amount 
of compound in the organic phase to total compound. 


Apparent chloroquine from plasma extract 
Chloroquine, 
pH aqueous control | Without alkali wash | With alkali wash 
of solvent phase of solvent phase 
(a) (b) 
6 0 0 0 
7 0 0.02 Q 
s 0.11 0.09 0.12 
8.5 0.43 0.28 0.44 
y 0.71 0.56 0.70 
9.5 0.83 0.62 0.85 
10 0.94 0.75 0.95 
ll 0.96 0.77 0.98 
13 (0.1 Nn NaOH) 0.96 0.80 0.98 
14 (1 n NaOH) 0.97 0.78 0.99 


Column (a) pure chloroquine; column (6) apparent chloroquine from plasma ex- 
tracted into heptane and returned to dilute acid; column (c) apparent chloroquine 
from plasma extracted into heptane and returned to dilute acid subsequent to 
removal of the drug metabolic derivatives by washing the heptane phase with 0.1 
NaOH. 


The effect of the introduction of such a wash was studied as follows: A 
sample of plasma was extracted into heptane as described above and the 
heptane phage separated from the aqueous phase. 2 volumes of 0.1 N 
NaOH were added to the heptane and the mixture shaken 10 minutes. The 
alkali phase was separated from the heptane phase and set aside for subse- 
quent analysis. This wash was repeated two additional times. The 
chloroquine in the washed heptane phase was then returned to 0.1 n H;SOx,. 
Two 1 ml. aliquots of the solution were set aside for direct analysis. The 
remainder was shaken with a series of buffer solutions as described above. 
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The results in Table IV indicate that, as expected, the treatment with an 
alkali wash removes certain metabolic products of chloroquine from the 
heptane phase, leaving behind a substance with solubility characteristies 
similar to those of chloroquine. 

The material in the alkaline washes was extracted into 2 volumes of 
ethylene dichloride and then returned to 6 ml. of 0.1 N HCl 5 ml. 
aliquots of the acid phase were assayed for 4-aminoquinolines. The first 
alkaline wash was found to have removed 7 per cent, the second 4 per cent, 
and the third 2 per cent of the total 4-aminoquinolines. From this it may 
be concluded that with no washes of heptane extract of plasma the error due 
to the interference of metabolic products amounts to about 13 per cent, 
with one wash 6 per cent, and with two washes about 2 per cent. Similar 
results were obtained with plasmas from a number of patients to whom the 
drug had been administered. 

It must be emphasized that an indication of specificity in the case of 
plasma does not necessarily indicate a similar specificity for urine and tis- 
sues. Many methods which have been found to be specific in the case of 
plasma require an additional step to remove interfering derived products 
present in urine and organ tissues. Furthermore, the specificity of a par- 
ticular method applied to one species of animal may not carry over to 
another one. 


SUMMARY 


A scheme for the analysis of basic organic compounds in biological mate- 
rial, utilizing a number of simple general reactions, is described. — This 
scheme provides for the isolation and concentration of compounds by 
extraction of the free base into an organic solvent, and thence into an 
aqueous phase. The organic solvent selected should exploit the finding that 
metabolic products of organic bases are commonly more water-soluble than 
the parent substance. Consequently the solvent of choice is one in which 
the compound is least soluble provided quantitative extraction is achieved. 
A large fraction of the metabolic products may thus be left behind in the 
initial extraction, the remainder removed by suitable washes. Extensive 
adsorption of organic bases on glass surfaces from non-polar solvents may 
be minimized by the addition of aleohol subsequent to the initial extraction. 

A general technique to appraise specificity involves a comparison of the 
solubility characteristics of a pure compound with those of the apparent 
drug extracted from tissue. This examination yields information on solu- 
bility characteristics of interfering substances which may be used to modify 
the initial extraction procedure. 

The final measurement is determined by the properties of the compound 
and involves fluorometry or microphotometry. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


II. ESTIMATION OF FLUORESCENT COMPOUNDS* 


By BERNARD B. BRODIE, SIDNEY UDENFRIEND, WESLEY DILL, 
GEORGE DOWNING 


(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


Many compounds fluoresce when they are irradiated with light, usually 
in the ultraviolet range. The extreme sensitivity as well as the simplicity 
of fluorometric assay makes it the method of choice in the design of analyti- 
cal procedures. Fluorescence intensity depends upon such diverse environ- 
mental factors as intensity of irradiation, the nature of the solvent, 
temperature, pH, and the presence of quenching substances. These 
factors are controllable in an aqueous medium adjusted to the pH of maxi- 
mal fluorescent intensity. The fluorescent properties of quinacrine, qui- 
nine, and many other organic bases have been utilized in the design of 
methods for their estimation in biological materials at concentrations as 
low as 5 y per liter. 

The organic base is isolated from the alkalized biological sample by 
extraction into a suitable organic solvent. Drug metabolic products not 
separated in the initial extraction may be selectively removed by alkaline 
washes of the solvent. The drug is then returned to dilute acid and the 
pH adjusted to that which will yield the maximal fluorescence. The con- 
centration of the compound is estimated by measuring the fluorescence of 
the final solution. Larger concentrations of many fluorescent organic bases 
may be analyzed directly in the organic phase after the addition of tri- 
chloroacetic acid. This second procedure, though simpler, is usually less 
sensitive than the double extraction procedure. 

Methods for the estimation of quinacrine are given below in detail to 
illustrate both general methods of analysis. Although adequate methods 
for the estimation of quinacrine have been described (1-3), the following 
methods are presented because they represent a logical application of the 
general scheme of analysis proposed in these papers. The procedures for 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and De- 
velopment and New York University. A portion of this work has appeared in ab- 
stract form (Federation Proc., 6, 125 (1946)). 
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other fluorescent bases are the same in principle but may differ in the choice 
of solvent, achievement of specificity, and the pH and filter system that will ' 
yield the maximal fluorescence. These pertinent details for some fluores- 


I 


Data on Basic Organic Compounds That Can Be Estimated by Fluorescence; Double 
Extraction Method 


Filter system Specifich 
Compound Solvent pH of maximal fluorescence | (humen 


Quinacrine Petroleum | 9.5 By-PC, | See foot-note 3 : 

ether 

SN 5228. 2-Me- 1 (0.1 HCl) Specific 

thoxy - 6 - chloro- 

9 - (2 - diethy!- 
aminoethyl- 

amino) acridine 

SN 5341. 2Me-| “ « | 95 « | Not examined Qui 

thoxy - 6 - chloro- 5N 

9 - (4 - diethyl- ( 

aminobuty]- 

amino)acridine 

SN 9627. 2-Me-| Ethylene | 9.5 “ Specific ; 

thoxy -6-chloro-|  dichlo- SN 

9 - (8 - diethyl- ride ‘ 

aminoocty]- 

amino)acridine Qui 

Quit 

SN 

2 

an 

SN 2 

4- 

SN 3 

etl 

qu 


> 


SN 8439. 9-(4-Di- 9.5 Not examined 
ethylamino - 1 - 
methylbuty!l- 
amino)acridine 

SN 8442. 3-Chloro- 9.5 
9 - (4 - diethyl- 
amino - 1 - me- 
thylbutylamino)- 
acridine 

Quinine Benzene 1 (0.1 n H,SO,) B,-PC, | Specific 

SN 6520. 1-Naph- 14 (1 NaOH) B,S-PC, | Not examined 
thol - 2 - (dime- (Cf tl 
thylamino)me- | 
thane 


thro 

A 

| 436 
cent basic compounds which have been tested as antimalarials in this Corr 
laboratory are presented in Tables I and II. ment 
| Filter System—The choice of filter system depends on the wave-length of com 
the exciting light, on the sensitivity requirements, and on whether inter- com| 


| 
} 
1 
i 
| 
| 


BRODIE, UDENFRIEND, DILL, AND DOWNING 313 


fering fluorescence derived from the normal biological material is present. 
The filter combinations described below have been used in this laboratory 
but other combinations may be equally suitable. 

A Corning Filter 587 (Coleman, B,S) is used to isolate the 365 may line. 
The resulting fluorescent light is transmitted through a combination of 
Corning Filters 3389 and 4308 (Coleman, PC,) The sensitivity of the 
measurement may be reduced by isolating the activating line with a filter 
partially covered by a neutral screen (Coleman, B,). A further reduction 


Taste II 


Data on Basic Organic Compounds That Can Be Estimated by Fluorescence; Single 
Extraction Method 


Compound Solvent Filter system |g, 
Quinacrine Heptane B,-PC, See foot-note 3 
SN 5228. 2-Methoxy-6-chloro-9- Specific 
(2 - diethylaminoethylamino) - 
acridine 
SN 9627. 2-Methoxy-6-chloro-9- | Ethylene di- 
(8-diethylaminooctylamino)acri- chloride 
dine 
SN 5341. 2-Methoxy-6-chloro-9- | Heptane 
(4 - diethylaminobutylamino)- 
acridine 
Quinine Benzene B,-PC, 
Quinidine 
SN 9849. 6-Methoxy-2-phenyl-a- | Ethylene di- “ Not examined 
2 - (piperidy])-4 - quinolinemeth- chloride 
anol 
4-quinolinemethanol 
ethylbutylamino) - 6 - methoxy- 
quinoline 


of the sensitivity may be achieved by transmitting the fluorescent light 
through a Corning Filter 3385 (Coleman, PCs). 

A Corning Filter 5113 (Coleman, B,) is used to isolate the 405 and the 
436 my lines. The resulting fluorescent light is transmitted through a 
Corning No. 3385 (Coleman, PC,) filter. When fluorescence measure- 
ments are taken in an organic solvent, the 436 maz line is isolated with a 
combination of Corning Filters 5113 and 3389 (Coleman, B:). This filter 
combination may result in a sensitivity less than with Filter 5113 alone, but 
it excludes blank fluorescence derived from the biological sample. 
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Procedure for Quinacrine 


Reagents— 
1. Standard solution of quinacrine, 100 mg. per liter. 


127 mg. of the 
dihydrochloride dihydrate salt are dissolved in 1 liter of 0.1 N HCl. This 


solution is stable when stored in the refrigerator. Working standards 
are prepared daily by dilution with 0.1 ~ HCI. 

2. 0.1 nN NaOH. 

3. Petroleum ether. A technical grade of petroleum ether is purified by 
successive Washing with 1 nN NaOH, 1 ~ HCl, and water. 

4. Isoamy! alcohol, reagent grade. 

5. 0.1 HCl. 

6. 0.6 nN NaOH. 
HCl. 

7. Buffer reagent, pl 9.5. 5 volumes of 0.6 m borie acid in 0.6 m KCl 
are added to 3.2 volumes of 0.6 N NaOH. When diluted as described in 
the procedure, the resulting pH should be 9.4 to 9.6. 

Procedure, Double Extraction—Add 1 to 10 ml. of biological sample? (con- 
taining up to 1 y of quinacrine) and an equal volume of 0.1 N NaOH to 30 
ml. of petroleum ether in a 60 ml. glass-stoppered bottle. Shake for 30 
minutes on a shaking apparatus. Allow the phases to separate, centrifug- 
ing the bottle if necessary. Add 1 ml. of isoamy! alcohol, mixing with the 
petroleum ether so as not to disturb the aqueous phase. Transfer 20 ml. 
of the petroleum ether phase to a 60 ml. glass-stoppered bottle or a glass- 
stoppered test-tube containing 6 ml. of 0.1 ~N HCl? Shake for 3 minutes 
and then centrifuge for 2 minutes at low speed. Remove the supernatant 
organic phase by aspiration. Transfer 5 ml. of the acid phase to a fluorome- 
ter tube containing | ml. of 0.5 N NaOH and 2 ml. of buffer reagent and mix 
thoroughly. A “dummy” consisting of acid, alkali, and buffer is used for 
the blank setting of the fluorometer. A reagent blank, in which water is 
substituted for plasma, is run through the same procedure. This should 
read the same as the dummy with pure chemicals. 

The standard is prepared by adding a known amount of the drug in 5 
ml. of 0.1 Nn HCl to 1 ml. of 0.5 N NaOH and 2 ml. of buffer in a fluorometer 
tube. 

The intensity of fluorescence of the samples is determined in the Coleman 
photofluorometer or other suitable instrument. ‘The filter system with the 


1 ml. should be neutralized by 5 ml. of the above 0.1 


1 Organ tissues and feces are emulsified in acid as described in Paper I of this 
series (4). Quinacrine and other acridines are concentrated in the leucocytes of the 
blood, and therefore special precautions are required in the preparation of plasma for 
analysis (4). 

* Halides which quench the fluorescence of quinine and quinidine should be avoided 
in their fluorescent measurement. 0.1 N H.SO, can be used in the case of these com- 


pounds. 
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former consists of a 2 mm. No. 5113 Corning filter (Coleman, B,) to iso- 
late the activating energy, and Corning No. 3385 filter (Coleman, PCy A) 
to transmit the resulting fluorescent light. Standards are run with each 
set of unknowns and the concentrations of the latter are estimated in rela- 
tion to these standards. The standards give readings that are directly 
proportional to their concentration. 

Procedure, Single Extraction— 

Reagents— 

1. 0.1 N NaOH. 

2. Heptane. A technical grade of heptane is purified by successive wash- 
ings with 1 N NaOH, 1 N HCl, and water. Petroleum ether is not used in 
this procedure because of its high fluorescent blank. 

3. Isoamy! alcohol, reagent grade. 

4. Trichloroatetic acid solution. 25 gm. of trichloroacetic acid are dis- 
solved in 100 ml. of ethylene dichloride. 

Add 1 to 5 ml. of biological sample (containing up to L y of quinacrine) 
and an equal volume of 0.1 N NaOH to 15 ml. of heptane in a 60 ml. glass- 
stoppered bottle. Shake for 30 minutes on a shaking apparatus. Allow 
the phases to separate, centrifuging the bottle if necessary. Add 0.5 ml. of 
isosamy! alcohol, mixing with the heptane phase so as not to disturb the 
aqueous phase. Transfer about 10 ml. of the heptane phase to a fluo- 
rometer tube containing 1 ml. of the trichloroacetic acid solution. A 
dummy consisting of the heptane, isoamy! alcohol, and the trichloroacetic 
acid solution is used for the blank setting of the fluorometer. A reagent 
blank, with water in place of plasma, is run through the procedure. This 
should read the same as the dummy with pure chemicals. 

The standard used in calibrating the sensitivity of the instrument is pre- 
pared by alkalizing an aqueous solution of quinacrine as above, extracting 
with heptane, and handling in the same manner as the biological sample. 
The computation of quinacrine concentration is by direct proportion. 

The filter svstem consists of a Corning No. 5113 and 3389 combination 
filter (Coleman, B:) to isolate the activating energy and Corning Filter 3385 
(Coleman, PCy) to transmit the resulting fluorescent light. 


Results 


It is shown in Table III that quinacrine added to plasma is recoverable 
with satisfactory precision, with the double extraction procedure, in 
amounts as low as 0.05 y. Equally satisfactory results have been obtained 
with many other acridines, as well as with quinine and quinidine. 

Table III also contains a summary of recoveries of known amounts of 
quinacrine from plasma by the single extraction procedure. The precision 
and sensitivity of the method are sufficient for amounts of quinacrine as low 
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Taste III 


Recovery of Quinacrine Added to Plasma 


Quinacrine added | Quinacrine found | Recovery 
Double extraction method 
1.0 1.00 100 
1.00 100 re 
1.00 100 cc 
1.04 104 
0.5 0.50 100 
0.51 102 | 
0.50 100 
0.50 100 
0.4 0.40 100 
0.38 05 
0.41 102 Di 
0.41 102 
0.3 0.29 
0.29 the 
0.29 Ali 
0.29 97 va 
0.2 0.21 105 pot 
0.19 95 cor 
0.19 95 
0.21 105 
0.1 0.11 110 sin 
0.10 100 
0.11 110 
0.10 100 
0.05 0.05 100 
0.05 100 
0.045 90 
0.055 110 
pla 
Single extraction method con 
1.0 1.03 : 103 = 
0.99 99 
0.99 99 
1.00 100 
0.5 0.52 104 : 
0.50 100 ina 
0.48 06 | 
0.51 102 | ™ 


SSS 
| 

0.315 105 | of q 

0.29 | v7 

d 0.31 | 103 | 

0.2 0.21 105 
0.21 105 

0.21 | 105 

0.20 | 100 
316 


BRODIE, UDENFRIEND, DILL, AND DOWNING 317 


as 0.2 y. Equally good results have been obtained for other fluorescent 
compounds. 

Repeated analyses run on individual samples of plasma and urine stored 
in the refrigerator over a period of several weeks yield highly reproducible 
results, indicating that the drug in plasma and urine is stable under these 
conditions. 

Specificity—There is a negligible amount of interfering fluorescent mate- 
rial in normal biological tissues. The extent of interference by metabolic 
productsof the drug was studied by the technique described in Paper I of this 
series (4). This examination was made on petroleum ether extracts of 


Tasie 1V 


Distribution of Quinacrine and Apparent Quinacrine between Water and Petroleum 
Ether at Various pH Values 

The apparent quinacrine was obtained by extraction, with petroleum ether, of 
the plasma of a patient receiving the drug. It was then returned to dilute acid. 
Aliquots of this solution and of a quinacrine solution were adjusted to various pH 
values and shaken with equal volumes of petroleum ether. The fraction of the com- 
pounds extracted at various pH values is expressed as the ratio of the amount of 
compound in the organic phase to total compound. 


7 0.05 0.05 
Ss 0.50 0.55 
0.90 0.90 
10 0.95 0.98 
14 (1 Nn NaOH) 1.00 0.97 


plasma obtained from patients who received oral doses of the drug, which 
contained a total of 3 y of apparent quinacrine. It is clear from the data in 
Table IV that petroleum ether extracts of plasma contain little fluorescent 
material which differs in solubility characteristics by this test from pure 
quinacrine.’ Similar results were obtained with heptane extracts of plasma. 


* Results obtained by the analysis of the plasma and urine from patients receiving 
quinacrine are the same as those obtained by the previous method with ethylene 
dichloride as the extracting solvent (2). In the latter method phenolic metabolic 
products of quinacrine were removed by means of an alkaline wash of the solvent. 
The use of a less polar solvent in the present method leaves the phenolic metabolic 
products behind in the initial extraction. Recent work indicates that a small amount 
of quinacrine metabolic product with solubility characteristics similar to the parent 
compound (Taggart, J. V., personal communication) is also measured in the present 
procedure. The presence of this product could not be detected by the technique used 
here in assaying specificity. This product, which was separated from quinacrine by 
a counter-current distribution technique, has ultraviolet and fluorescence character- 
istics similar to those of the parent compound. The extent of the interference in 
the plasma and urine of humans is of the order of 10 to 15 per cent. 
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SUMMARY 


A simple general method is described which, with minor modification, is 
applicable to the determination of many organic soluble fluorescent bases, 
This method has been applied to the estimation of quinacrine in biological 
tissues for illustrative purposes. This procedure permits the determination 
of quinacrine in amounts as low as 0.05 7. Pertinent information for the 
estimation by this method of certain other antimalarial drugs is also given. 

Quinacrine is isolated from the biological material by an extraction of the 
free base with petroleum ether at an alkaline pH. The drug is then re 
turned to acid and buffered to pH. 9.5. The concentration of quinacrine is 
measured fluorometrically. 

Higher concentrations of quinacrine are measured directly in « heptane 
extract after the addition of trichloroacetic acid. 

A comparison of the solubility characteristics of quinacrine and the 
apparent quinacrine extracted from the plasma of patients who were receiy- 
ing the drug indicates that the method has a high degree of specificity. 
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(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
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Non-fluorescent organic compounds may vield fluorophores on suitable 
treatment, the fluorescence of which may be used in the design of analytical 
methods. For example, the 7-chloro-4-aminoquinolines, an important 
group of antimalarial drugs, are changed to fluorophores when subjected to 
ultraviolet irradiation under suitable conditions. The resulting fluoro- 
phores are oxidized with loss of fluorescence with continued irradiation. 
This, however, may be prevented and the fluorophore stabilized by irradi- 
ating anaerobically or in the presence of cysteine. Many of the 7-chloro-4- 
aminoquinolines appear to yield the same fluorophore, since the same 
relationship between molecular concentration and fluoreseence intensity 
has been noted in all instances studied. The properties of the derived 
fluorophore have been utilized in the design of methods for the estimation 
of chloroquine (7-chloro-4-(1-met hyl-4-diet hvlaminobutylamino) quinoline ) 
and related compounds at concentrations as low as 10 ¥ per liter. 

The compound is separated from the biological material by extraction 
into a suitable organic solvent at an alkaline pH. The solvent ts freed of 
drug metabolie products, if necessary, with alkaline washes and the drug 
is then returned to dilute acid. The pll is adjusted to 9.5, cysteine is 
added, and the sample is irradiated with ultraviolet light. The concen- 
tration of the compound is estimated by measuring the fluorescence of the 
final solution. 

The procedures for the various 4-aminoquinolines are the same in prin- 
ciple but may differ in choice of solvent and achievement of specificity. 
The procedure for chloroquine is given in detail below and the pertinent 
details for other 4-aminoquinolines which have been tested as antimalarials 
are presented in Table I. 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
abstract form (Federation Proe., 6, 125 (1916)). 

*Masen, J. M., personal communication. 
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Taste | 
Data on Basic Organic Compounds That Can Be Estimated by Conversion to Fluorescent 
Compound 
Compound Solvent Specificity for human plasma 

Chloroquine. 7-Chloro-4-(1-  Heptane Specific after 2 washes of 
methyl - 4 - diethylamino- heptane extract with 2 vol- 
but ylamino) quinoline umes 0.1 NaOH 

SN 9554. 7-Chloro-4-(3-di- _ Specific after 1 wash of hep. 
ethylaminopropylamino) - 'tane extract with 2 volumes 
quinoline NaOH 

SN 7135. 2-Methyl-7-chloro-4- | Ethylene dichlo- Specific 
(1-methy]-4-diethylamino- ride | 
butylamino) quinoline | 

SN 7373. 7-Bromo-4-(l-methyl- | Heptane | Not examined 
4-diethylaminobut ylamino)- 
quinoline 

SN 13616. 7-Chloro-4-(4-ethyl- 
amino-1-methy!butylamino)- 15% isoamyl | 
quinoline alcohol 

SN 13425.* 7-Chloro-4-(1’-ethyl- Specific after 2 washes of 


heptane extract with 5% 

in buffer, pH 1 

SN 13588. 7-Chloro-4-(3-ethyl- | Heptane | Not examined 
aminopropylamino) quinoline | 

SN 10960.° 7-Chloro-4-(4-di- 
ethylamino-2-hydroxybutyl- 


4’-piperidylamino) quinoline 


amino) quinoline | 
SN 14477.t 7-Chloro-4-(4-di- - | Specific after 2 washes of 
ethylaminocyclohexylamino)- heptane extract with 2 vol- 
quinoline umes 0.1 NaOH 
SN 8137. 7-Chloro-4-(3-di- Specific after 3 washes of 
ethylamino-2-hydroxypropyl- heptane extract with 2 vol- 
amino) quinoline umes 16% Na,SO, in 1 


NaOll 


* SN 13425 is slightly soluble in water. The metabolic products of the drug are 
removed from the heptane extract by means of washes with an alkaline solution of 
sodium sulfate. The removal of the parent drug is minimized by the use of this 
salt solution. 

t Irradiated, and fluorescence read at pl! 8.7. 

t The extraction of SN 8137 from plasma is made with chloroform, since the ex- 
traction with heptane is incomplete for this tissue. However, the chloroform 
extract contains metabolic products of the drug which have fluorescent properties 
similar to it and which cannot be removed from this relatively polar solvent with 
alkaline washes. The SN 8137 is, therefore, returned to an aqueous phase and then 
to heptane. The metabolic products which enter the heptane are then removed by 
washes with an alkaline solution of sodium sulfate. A high salt concentration is 
essential in this step to minimize the loss because of the solubility of SN 8137 inthe 


aqueous phase. 
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Procedure for Chloroquine 


Reagents— 

1. Standard solution of chloroquine, 100 mg. per liter. 161 mg. of 
the diphosphate salt are dissolved in | liter of 0.1 Ns HCl. This solution is 
stable when stored in the refrigerator. Working standards are prepared 
daily by dilution with 0.1 ~ HCI. 

2. 0.1 NaOll. 

3. Heptane. A technical grade of heptane is purified by successive 
washings with | N NaOH, | ~ HCl, and water. 

4. Absolute ethanol. 

5. 0.1 x HCL. 

6. 0.5 NaOH. 1 mi. should be neutralized by 5 ml. of the above 0.1 
x HCl. 

7. Buffer reagent, p}1 9.5. 5 volumes of 0.6 m boric acid in 0.6 w KCl 
are added to 3.2 volumes of 0.6 s NaOH. When diluted as described in 
the procedure and after the addition of the cysteine reagent, the resulting 
pH should be 9.4 to 9.6. This pH should be checked by direct measure- 
ment. 

8. 5 per cent cysteine reagent. 1 gm. of cysteine hydrochloride is dis- 
solved in 20 ml. of water. This solution is neutralized by the addition of 
0.8 ml. of 10 N NaOH. This reagent should be made fresh daily and neu- 
tralized just before use. 

Procedure —Add 1 to 10 ml. of biological sample* (containing up to 1 + 
of chloroquine) and an equal volume of 0.1 N NaOH to 30 ml. of heptane in 
a 60 ml. glass-stoppered bottle. Shake for 30 minutes on a shaking appa- 
ratus. Allow the phases to separate, centrifuging the bottle if necessary. 
Add 8 drops of ethanol and mix with the heptane phase so as not to disturb 
the aqueous phase. ‘Transfer as much of the heptane phase as possible to 
a 125 ml. glass-stoppered bottle. Add about twice the volume of 0.1 N 
NaOH and shake for 5 minutes. After the two phases settle, add 8 drops 
of ethanol to the heptane phase and mix as before. Remove the aqueous 
phase by aspiration with a pipette inserted below the surface. Repeat the 
washing with 0.1 N NaOH. Then add 5 drops of ethanol and transfer 20 
ml. of the heptane phase to a 60 ml. glass-stoppered bottle or a glass- 
stoppered centrifuge tube containing 6 ml. of 0.1 ~ HCl. Shake for 3 
minutes and then centrifuge for 2 minutes at low speed. Remove the 
supernatant organic phase by aspiration. Transfer 5 ml. of the acid phase 
to a fluorometer tube containing 1 ml. of 0.6 N NaOH and 1.5 ml. of buffer 


*Organ tissues and feces are emulsified in acid as described in Paper I of this 
series. Chioroquine and other 4-aminoquinolines concentrate in the leucocytes of 
the blood and, therefore, special precautions are required in the preparation of plasma 
for analysis. 


321 
i 
| 
his 
4 
| 
es | 
ith 
i by 
ne 
the 


322 BASIC ORGANIC COMPOUNDS. Il 
reagent. Add 0.5 ml. of cysteine reagent and mix thoroughly. A reagent 
blank, with water substituted for plasma, is run through the same pro- 
cedure. 

Standards—Standards are prepared by adding known amounts of the 
drug in 5 ml. of 0.1 n HCl to 1 ml. of 0.5 N NaOH and 1.5 mil. of buffer in 
fluorometer tubes. 0.5 ml. of cysteine reagent is added to each tube. A 
“dummy”’ consisting of acid, alkali, buffer, and cysteine reagent is used for 
the blank setting of the fluorometer; this should not change under the 
irradiation described below. After 30 minutes, to allow for reaction be- 
tween cysteine and oxygen, all tubes are irradiated with ultraviolet light, 
as described below. 

The intensity of fluorescence of the irradiated samples is determined in 
the Coleman photofluorometer or other suitable instrument. With the 
former, a Corning Filter 587 (Coleman, B,S) is used to isolate the activat- 
ing energy and a combination of Corning Filters 3389 and 4308 (Coleman, 
PC,) to transmit the resulting fluorescent light. The sensitivity of the 
instrument is set by quinine, since the irradiated standards may slowly lose 
their fluorescence on frequent exposure to the ultraviolet light of the 
fluorometer. The sensitivity of the instrument should be set so that a 
solution of quinine in 0.1 N H.SO, containing 0.0125 y per ml. vields a read- 
ing of 50. 0.2 7 of irradiated drug in 8 ml. will then give a reading of about 
40. Standards are run with each set of unknowns and the concentrations 
of the latter are estimated in relation to these standards. The standards 
are quite reproducible and give readings that are directly proportional to 
their concentration. 

Irradiation of Samples— Irradiation of the 4-aminoquinolines is effected 
in a simply constructed irradiator. An H-4 mereury are lamp with a No. 
59G18 transformer (Hanovia) similar to those used in the Coleman photo- 
fluorometer is the light source. The samples are placed in a circular rack 
surrounding the lamp so that they are equidistant from the lamp. 3 hours 
are required to achieve maximal sensitivity. The time may be reduced to 
1 hour by using a more intense source of ultraviolet light in the apparatus. 
This may be achieved by a DH-1 lamp with a No. 58G2 transformer (Han- 
ovia). The time of irradiation must be worked out to meet the conditions 
in each laboratory, since too long an irradiation results in a gradual diminu- 
tion of fluorescence. When the more intense light source is used, precau- 
tions must be taken to avoid the damaging effects of ultraviolet light on 
the eyes. 

The temperatures of the solutions should be maintained below 35° during 
irradiation; otherwise degradation of the drug to less fluorescent or non- 
fluorescent products may occur within the time of irradiation. ‘This cool- 
ing is effected in the irradiator by passing air around the lamp and tubes. 
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The use of the more intense light source may require additional cooling 


facilities, such as an electric fan. 
A diagram of a suitable irradiator is shown in Fig. 1. 


U-V LAMP 


Fic. 1. Schematic diagram of the apparatus for the irradiation of solutions with 
ultraviolet light. 


Results 


Recoveries of the drug from plasma are shown in Table I], The sensi- 
tivity and precision of the method are quite adequate for amounts as low 


as0.27. Equally good results have been obtained in the case of the other ¢ 
4-aminoquinolines. 
Repeated analyses run on individual samples of plasma and urine stored or 


in the refrigerator over a period of a week vield highly reproducible results, 
indicating that the drug in plasma and urine is stable under these con- 
ditions. 

Specificity ~The absence of a detectable blank indicates that there is a 
negligible amount of material in normal biological tissues which reacts as 
chloroquine in the procedure deseribed above. The possible interference 
of drug metabolic products of chloroquine has been examined by the tech- 
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nique described in Paper I of this series.* The results, which were de- 
scribed in that paper, indicate that metabolic products of chloroquine with 
fluorescent properties similar to the parent drug do occur in the plasma of 
patients receiving the drug. However, these are separated from the parent 
drug in the procedure described above. The interference due to the 
metabolic products, if no alkaline washes of the heptane extract are used, 
amounts to about 15 per cent. The alkali washes are therefore not essen- 
tial for most routine determinations on plasma. 


Il 
Recovery of Chloroquine Added to Plasma 


Y per cent | | per cont 
0.2 0.21 aoe 0.37 92 
0.19 | 0.40 | 100 

0.18 o | 0.36 «| 90 

0.19 So | 0.39 OS 

0.20 100 0.41 102 

0.20 100 0.42 105 

0.17 85 0.40 100 

0.21 105 | 0.40 100 

0.21 105 | 0.37 92 

0.21 105 | 0.40 100 

0.20 100 0.41 102 

0.20 100 0.6 0.60 100 

0.20 100 0.60 100 

0.18 90 0.60 100 

0.17 85 | 0.60 100 

| 0.19 06 0.56 93 
= 105 | 0.56 93 

SUMMARY 


A simple method is described which, with miner modification, is appli- 
cable to the estimation of many 7-chloro-4-aminoquinolines in biological 
fluids and tissues. The method has been applied to the estimation of 
chloroquine for illustrative purposes. This procedure permits the estima- 
tion of chloroquine in amounts as low as 0.1 y. Pertinent information for 
the estimation by this method of certain other antimalarial drugs is also 
given. 

Chloroquine is isolated from the biological material by an extraction of 
the free base with heptane at an alkaline pH. Drug metabolic products 


? Brodie, B. B., Udenfriend, 8., and Baer, J. E., J. Biol. Chem., 168, 299 (1947). 
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not separated in the initial extraction are selectively removed from the 
solvent by alkaline washes. The drug is then returned to acid solution and 
buffered to pH 9.5, cysteine is added, and the sample irradiated with a 
mercury vapor lamp. The concentration of fluorophore formed is meas- 
ured fluorometrically. 

A comparison of the solubility characteristics of chloroquine and the 
apparent chloroquine extracted from the plasma of patients who were re- 
ceiving the drug indicates that the method is specific in that it includes, in 
the final measurement, no products due to the metabolism of chloroquine. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 
IV. ESTIMATION BY COUPLING WITH DIAZONIUM SALTS* ) 


By BERNARD B. BRODIE, SLDNEY UDENFRIEND, ano 
JOUN V. TAGGART 


(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memprial Hospital, New York) 


(Received for publication, January 6, 1947) 


Many aromatic amines in which the position para to the amino group is 
free react readily with diazonium salts to form compounds which absorb 
light in the visible range of the spectrum. This reaction may be used in 
the design of analytical procedures. It is subject to negligible interference 
from orzanic extractable substances normally occurring in biological mate- 
rial. Consequently, marked sensitivity may be achieved, if necessary, by 
coupling and making the final photometric measurement in a small volume. 
The coupling properties of various aromatic amines have been utilized in 
the design of methods for their estimation in biological material at concen- 
trations as low as 25 y per liter. 

The aromatic amine is isolated from alkalized biological material by 
extraction into an organic solvent. The drug is then concentrated by re- 
turning it to a small volume of acid containing diazotized sulfanilic acid with 
which it couples. The resulting dye solution is assayed in a spectropho- 
tometer or photoelectric colorimeter adapted to small volumes. Amines 
possessing a free phenol group are coupled with diazotized p-nitroaniline-o- 
sulfonic acid in neutral or slightly alkaline solution. 

A procedure for the estimation of the antimalarial pamaquine (6-methoxy- 
in biological fluids is 
given as an illustration of the general method of analysis. The procedure 
for other amines may differ in choice of solvent and achievement of speci- 
ficity. 

A procedure for the estimation of another antimalarial, SN 5918 (4,4’- 
dihydroxy -3 ,3’-di(diethylaminomethyl ether) is given as an ex- 
ample of the estimation of an amine with a free phenol group. 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
abstract form (Federation Proc., 6, 125 (1946)). 
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Procedure for Pamaquine 


General Consitderations—The required sensitivity is obtained by concen- 
trating the compound into a small volume and then utilizing a microphoto- 
metric technique for the final measurement. This is accomplished with the 
Coleman model 6 spectrophotometer by the use of a micro test-tube adapter 
which, without changing the length of the light path, reduces the crogs- 
section of the solution through which the light must pass. A } X 3 inch 
flat bottom test-tube is used to hold the solution. It is possible by this 
means to measure optical densities in volumes as small as 0.25 ml. 

A number of aromatic primary amines were diazotized and coupled 
with pamaquine. Of the diazotized amines examined, diazotized sulfanilic 
acid was found to be superior in respect to stability of the reagent, speed of 
coupling, and color intensity of the resulting dye. The coupling reaction 
is complete within 5 minutes. The resulting dye is stable for several hours. 
The absorp ‘on spectrum of the dye indicates that the wave-length of 
maximal light absorption is 480 mu. 

Reagents— 

1. Standard solution of pamaquine, 100 mg. per liter. 163 mg. of the 
citrate salt are dissolved in 1 liter of 0.1 N H,SOQ,. This solution is stable 
when stored in the refrigerator. Working standards are prepared daily 
by dilution with 0.1 n H,SO,. 

2. 0.1 NaOH. 

3. Petroleum ether. A technical grade of petroleum ether is purified 
by successive washings with 1 nN NaOH, 1 n HCl, and water. 

4. Isoamy] alcohol, reagent grade. 

5. Coupling reagent. Solution A, 0.5 gm. of sulfanilic acid is added to 
7.5 ml. of concentrated HCl and is then diluted to 500 ml. Solution B, 
0.5 per cent sodium nitrite. These solutions are stored in the refrigerator. 

Directions for Diazotization—The final coupling reagent is made up of 
10 ml. of Solution A and 0.3 ml. of Solution B. After 10 minutes, to allow 
for complete diazotization of the sulfanilic acid, the reagent is ready for 
use. The coupling reagent must be made fresh daily. 


1 This tube adapter was patterned after a suggestion by Dr. Oliver Lowry of the 
New York City Department of Health. Adapters with tubes to fit may be obtained 
from Mr. Samuel Ash, 1115 East 105th Street, New York. 

? Small concentrations of pamaquine may be measured with considerable accuracy 
if variations in the strength of the light source during a measurement are minimized. 
Increased stability of light source is obtained if the tungsten lamp is fed from storage 
batteries rather than from line current and transformer. The constancy of the light 
transmission should be verified after each measurement by checking the reading of the 
galvanometer needle after removal of the colorimeter tube. This air transmission in 
the case of the Coleman instrument is above the 100 per cent transmission mark 
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Procedure—Add 1 to 10 ml. of biological sample* (containing up to 10 y 
of pamaquine) and an equal volume of 0.1 N NaOH to 30 ml. of petro- 
leum ether in a 60 ml. glass-stoppered bottle. Shake for 30 minutes 
on a shaking apparatus. Allow the phases to separate, centrifuging the 
bottle if necessary. Add 2 ml. of isoamy!] alcohol, mixing with the petrol- 
eum ether so as not to disturb the aqueous phase. Transfer 20 ml. of the 
petroleum ether phase to a tapered glass-stoppered centrifuge tube‘ con- 
taining 0.5 ml. of coupling reagent. Shake for 5 minutes and then centri- 
fuge for 2 minutes at low speed. Remove the supernatant organic phase 
by aspiration. Transfer 0.3 ml. of the aqueous phase to a micro colorim- 
eter tube and determine the optical density of the dye solution at a wave- 
length of 480 my. Coupling reagent is used for the blank setting of the 
instrument. The same tube may be used for the blank setting and for 
all the determinations and standards. The tube is removed from the adap- 
ter after each reading and its contents removed by aspiration. The tube 
is then rinsed with acetone and dried by aspiration. It is advisable to 
make the measurements in a definite order, starting with the blanks, then 
the dilute solutions, and then the more concentrated samples. 

Standards—-Standards are prepared by taking 1 volume of standard 
solution and adding 9 volumes of coupling reagent. The optical density 
is read in the colorimeter after 5 minutes. Coupling reagent is used for 
the blank setting of the instrument. A permanent standard curve is 
constructed with optical density plotted against micrograms of pamaquine 
per ml. of solution. The optical densities were found to be proportional 
with all concentrations up to 4 y per ml. An optical density of about 0.115 
is obtained in the adapted Coleman model 6 when 1 y of pamaquine is run 
through the procedure described above. 


Results 


Table I contains a summary of recoveries of known amounts of pama- 
quine added to plasma. The results indicate that the sensitivity and pre- 
cision of the method are quite adequate for amounts as low as 0.25 y¥. 
Equally satisfactory results have been obtained with other 8-aminoquino- 
lines. Analyses run on plasma samples of pamaquine over a period of 


* Organ tissues and feces are emulsified in acid as described in Paper I of this 
series. 
‘The glass-stoppered tubes used in this laboratory have a volume of about 40 
ml. They are tapered at the bottom to a narrow cone to facilitate the manipulation 
of the small aqueous volume. 

* Occasionally the aqueous solution of the dye will be turbid after the aspiration of 
the petroleum ether layer. Turbidity may be removed by shaking the solution with 
additional aliquots of petroleum ether and recentrifuging. 


4 
a 


‘ 
= 
q 
4 
4 4 
i 
‘ 
| 
Las 


330 BASIC ORGANIC COMPOUNDS. IV 


several weeks gave highly reproducible results. It may be concluded, 
therefore, that pamaquine in plasma is stable when stored in the re- 
frigerator. 

Specificity—The absence of detectable blanks indicates that there is 
a negligible amount of material in normal plasma and tissues which reacts 
as pamaquine in the analytical procedure described above. The degree 
of specificity is dependent only upon the extent to which the metabolic 


TasBie I 
Recovery of Pamaquine Added to Plasma 


7 7 per cent 7 per cent 
0.25 0.23 92 1.00 0.94 of 
0.255 102 0.94 4 
0.23 92 0.94 M4 
0.25 100 0.96 96 
0.255 102 0.93 93 
0.23 92 0.94 
0.255 102 0.98 oS 
0.50 0.51 102 0.98 98 
0.50 100 2.00 1.90 95 
0.52 104 1.90 95 
0.51 102 2.02 101 
0.50 100 1.90 95 
0.46 92 1.90 95 
0.44 88 1.91 96 
0.485 97 1.90 95 
0.49 98 1.82 91 
0.48 96 
0.47 
0.48 
0.55 110 
0.47 OF 
0.49 


products are excluded. The examination of specificity has been made by 
the technique described in Paper I of this series. These studies were made 
on petroleum ether extracts of plasmas which were obtained from patients 
who received oral doses of the drug and which contained 10 to 20 ¥ of ap- 
parent pamaquine. It is clear from the data shown in Table IT that the 
petroleum ether extracts of plasma contain negligible amounts of material 


* Brodie, B. B., Udenfriend, 8., and Baer, J. E., J. Biol. Chem., 168, 299 (1947). 
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which react with the coupling reagent which differ in solubility characteris- 
tics from pure pamaquine. 


Taste Il 


Distribution of Pamaquine and Apparent Pamaquine between Water and 
Petroleum Ether at Various pH Values 


The apparent pamaquine was obtained by extraction, with petroleum ether, of 
the plasma of a patient receiving the drug. The compound was then returned to 
dilute acid. Aliquots of this solution and of a pamaquine solution were adjusted to 
various pH values and shaken with equal volumes of petroleum ether. The fraction 
of the compounds extracted at various pH values is expressed as the ratio of the 
amount of compound in the organic phase to total compound. 


| Plasma A | Plasma B 
Aqueous control Aqueous control 

(b) (e) (¢) 
5 0.15 0.20 
6 0.39 0.41 0.48 0.52 
7 0.78 0.77 0.86 0.81 
s 0.93 0.90 1.01 0.96 
9 0.93 0.94 0.97 1.03 
10 0.96 0.98 0.97 1.03 
ll 0.97 0.99 1.01 1.03 
13 (0.1 nw NaOH) 0.99 1.02 
14 (1 sw NaOH) 0.99 1.02 0.99 1.03 


Columns (a) and (c), pure pamaquine; column (6b), apparent pamaquine from 200 
ml. of pooled plasma from ten patients, extracted into petroleum ether and returned 
to dilute acid; column (d), apparent pamaquine from 80 ml. of plasma from a single 
patient, extracted into petroleum ether and returned to dilute acid. For columns 
(a) and (6) measurements were taken at temperatures which differed from those for 
columns (c) and (d) by several degrees, which accounts for the difference in the two 
sets of measurements. 


Procedure for SN 5918 (4,4'-Dihydroxy-3 ,3’-di(diethylaminomethyl)diphenyl 
Ether) 


General Considerations—The sensitivity requirements for the estimation 
of this compound are not as critical as in the case of the 8-aminoquinolines 
because the plasma levels with therapeutic dosage are relatively high. It 
is not necessary, therefore, to make the final measurement in a small vol- 
ume. 

The large blank resulting from the instability of diazotized sulfanilic 
acid when it is used in neutral or alkaline solution precludes its use, but 
diazotized p-nitroaniline-o-sulfonic acid is satisfactory in this respect. The 
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absorption spectrum of the resulting dye indicates maximal absorption at 
450 mu. However, the reagent itself absorbs a considerable amount of 
light at this wave-length and it is necessary to make the readings at 520 
my, at which the blank is negligible and the absorption of light by the dye 
is still sufficient for precise measurements. 

Reagents— 

1. Standard solution of SN 5918, 100 mg. per liter. 100 mg. of the free 
base are dissolved in 1 liter of 0.1 nN HCl. This solution is stable when 
stored in the refrigerator. Working standards are prepared daily by dilu- 
tion with 0.01 n HCl. 

2. 1 nN NaOH. 


Taste III 
Recovery of SN 5918 (4,4'-Dihydrory-3 ,3'-di(diethylaminomethyl) diphenyl Ether 


SN 5918 added SN 5918 found | Recovery 


y 
5 


10 


15 | 


SERRS Sm 


3. Benzene. A technical grade of benzene is purified by successive 
washes with 1 nN NaOH, 1 ~n HCl, and water. 

4. 0.05 n HCl. 

5. 0.5 x NaOH. 

6. 0.5m NaeHPO,. 

7. Coupling reagent. Solution A, 1.26 gm. of p-nitroaniline-o-sulfonic 
acid is added to 15.0 ml. of concentrated HC! and is then diluted to 1 liter. 
Solution B, 0.5 per cent sodium nitrite. These solutions are stored in the 
refrigerator. 

Directions for Diazotization—The final coupling reagent is made up of 
10 ml. of Solution A and 0.3 ml. of Solution B. After 10 minutes, to allow 
for complete diazotization of the p-nitroaniline-o-sulfonic acid, the reagent 
is ready for use. This reagent, which must be made fresh daily, is diluted 
1:5 for use in the procedure. 

Procedure—Add 1 to 10 ml. of biological sample* (containing up to 50 ¥ 
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of SN 5918) and 1 ml. of 2.56 n NaOH to 30 ml. of benzene in a 60 ml. 
glass-stoppered bottle. Shake for 10 minutes on a shaking apparatus. 
Allow the phases to separate, centrifuging the bottle if necessary. Add 
2 ml. of isoamy! alcohol and mix with the benzene phase so as not to dis- 
turb the aqueous phase. Transfer 20 ml. of the benzene phase to another 
bottle containing 6 ml. of 0.05 n HCl and shake for 5 minutes. Pour the 
contents of the bottle into a test-tube and centrifuge for 2 minutes at low 
speed. Remove the benzene phase by aspiration. Transfer exactly 5 ml. 
of the aqueous phase to a colorimeter tube. Adjust the pH by the addition 
of 0.5 ml. of 0.56 n NaOH and 0.5 ml. of 0.6 m NasHPO,. Add 0.5 ml. of 
the diluted diazo reagent and then after 10 minutes add 0.5 ml. of 1 n 
NaOH. Determine the optical density at a wave-length of 520 mu. 
Coupling reagent added to acid and buffered as above is used for the blank 
setting of the instrument. 

Standards—These are prepared by taking 5 ml. of standard solution in 
0.05 xn HCl and adding buffer and coupling reagent as described above. 
A standard curve is constructed with optical density plotted against micro- 
grams of SN 5918 per ml. of solution. 


Results 


The results detailed in Table III indicate that the sensitivity and the 
precision of the method are quite adequate for amounts aslowas5y. The 
degree to which metabolic products of the drug are excluded has not been 
examined. 


A simple general method is described which, with minor modification, 
is applicable to the determination of many aromatic amines in which the 
position para to the amino group is free. The method has been applied 
to the estimation of pamaquine in biological tissues for illustrative pur- 
poses. This procedure permits the determination of pamaquine in amounts 
as low as 0.25 y. 

Pamaquine is isolated from the biological material by an extraction of 


the free base with petroleum ether at an alkaline pH. The petroleum ether 


phase is shaken with a small volume of diazotized sulfanilic acid. Pama- 
quine reacts with the latter to form a water-soluble dye. The concentra- 
tion of this dye is determined by the measurement of its optical density. 

A comparison of the solubility characteristics of pamaquine and the 
apparent pamaquine extracted from the plasma of patients who were 
receiving the drug indicates that the method has a high degree of specificity 
in that it includes, in the final measurement, no products which are meta- 
bolic derivatives of pamaquine. 
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The method has also been applied to 4,4’-dihydroxy-3 ,3’-di(diethyl- 
aminomethyl)diphenyl ether, which is an aromatic amine containing 
free phenol group. This compound is isolated from the biological materia] 
by an extraction of the free base with benzene at an alkaline pH. The drug 
is reextracted into acid and then coupled with diazotized p-nitroaniline-o- 
sulfonic acid at a slightly alkaline pH. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


V. ESTIMATION BY SALT FORMATION WITH METHYL ORANGE* 


By BERNARD B. BRODIE, SIDNEY UDENFRIEND, ann WESLEY DILL 
(From the Department of Medicine, New York University College of Medicine, and 
the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, January 6, 1947) 


The methyl orange salts of most organic bases are highly soluble in cer- 
tain organic solvents but relatively insoluble in water. Bases may, there- 
fore, be assayed indirectly through the extraction of their methyl orange 
salt into an organic phase. The methyl orange which goes into the organic 
phase is measured photometrically. This is a general reaction and has been 
used in the design of analytical procedures for a number of alkaloids and 
synthetic basic organic compounds. The application of this reaction to the 
estimation of basic drugs in biological samples with ethylene dichloride as 
the solvent for the extraction has been described in a previous paper (1). 
The sensitivity of the reaction in this solvent is limited by some solubility 
of free methyl orange in ethylene dichloride and by complex formation of 
the dye with normally occurring organic bases extractable from the biological 
material. This limited the method to the analysis of drugs which are 
present in concentrations of about 0.5 mg. or more per liter of plasma. 
The use of the less polar solvent benzene, when possible, minimizes the 
above difficulties, since neither methyl orange nor the normally occurring 
biological substances which interfere are soluble in this solvent to an ap- 
preciable extent. Consequently, about a 10-fold increase in sensitivity 
may be achieved by returning the methyl] orange from the benzene to a 
small volume of acid and assaying its concentration by microphotometry. 
This permits the estimation of cinchonine and many other compounds 
which are found in plasma at low concentrations after therapeutic dosage 
and which cannot be assayed by fluorescent or coupling methods. Con- 
centrations in the order of 50 y per liter of plasma may be estimated. An 
additional advantage of using the less polar solvent, benzene, is that separa- 
tion of the drug from its metabolites is facilitated. 

The organic base is separated from the biological sample by extraction 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
abstract form (Federation Proc., 6, 126 (1946)). 
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into benzene at an alkaline pH. The benzene phase is shaken with methy| 
orange solution at pH’5 and the excess methyl orange is removed. The 
methyl orange which dissolves in the solvent through salt formation with 
the organic base is returned to a small volume of acid and measured pho- 
tometrically. 

The development of a procedure for the estimation of cinchonine in 
biological material is given to illustrate the general method of analysis, 
The procedures for other bases are the same in principle, and the pertinent 
details for some basic compounds tested as antimalarials in this laboratory 
are presented in Table I. 


TaB.e 
Data on Basic Organic Compounds That Can Be Estimated by Methyl Orange Reaction 
Compound Specificity (human plasma) 

Cinchonine | Specific 

Cinchonidine | 

Paludrine. 1-(p-Chloropheny]) 4-isopropylbiguanide 

SN 4430. 1-(p-Chloropheny])-4-methy]-4-isopropyl- Not examined 
biguanide 

(diethylaminoethylamino) pyrimidine 

SN 8538. 2-Phenyl-4-a-piperidyl-l-quinolinemethanol 

SN 8233. 8-(4-Diethylamino-l-methylbutylamino)-5,6- 
dimethoxyquinoline 


Procedure for Cinchonine 


1. Standard solution of cinchonine, 100 mg. per liter. 100 mg. of the 
free base are dissolved in 1 liter of 0.1 N H,SO,. This solution is stable 
when stored in the refrigerator. Working standards are prepared daily 
by dilution with 0.1 nN H,SQ,. 

2. 2.5 NaOH. 

3. Benzene. A technical grade of benzene is purified by successive wash- 
ings with 1 nN NaOH, 1 n HCl, and water. 

4. Isoamy] alcohol. A reagent grade of isoamy! alcohol is washed with 
0.2 volume of 1 N HCl, followed by several washes with water. 

5. Methy] orange solution. Dissolve 90 mg. of the sodium salt of methyl 
orange in 100 ml. of 0.5 m boric acid solution by gentle heating, and cool 
the solution to room temperature. Filter if necessary. Wash the solu- 
tion several times by shaking with an equal volume of ethylene dichloride. 
To test the solution dilute it 1:100 with 1 N HCl and measure the optical 
density in the Coleman model 6 spectrophotometer which has been adapted 


| 
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to microphotometry (2). The optical density should read about 0.500 at 
515 muy. 

6. 1 HCl. 

Procedure—-Add 1 to 10 ml. of biological sample! (containing up to 5 y 
of cinchonine) and 1 ml. of 2.5 ~n NaOH to 30 ml. of benzene in a 60 ml. 
glass-stoppered bottle and shake for 10 minutes, on a shaking apparatus. 
Allow the phasés to separate, centrifuging the bottle if necessary. Add 
0.5 ml. of isoamyl alcohol and mix with the benzene phase so as not to 
disturb the aqueous phase. Transfer as much of the benzene phase as 
possible to a glass-stoppered centrifuge tube containing 0.5 ml. of methyl 
orange reagent. Shake for 5 minutes and then centrifuge for 10 minutes 
at 2500 r.p.m. Transfer 20 ml. of the supernatant benzene phase to a 
tapered glass-stoppered centrifuge tube containing 0.5 ml. of 1 nN HCI. 
Shake for 5 minutes and then centrifuge. Carefully remove the benzene 
phase by aspiration. Transfer at least 0.3 ml. of the aqueous phase to a 
micro colorimeter tube and determine the optical density of the methyl 
orange solution at a wave-length of 515 my, using the Coleman model 6 
spectrophotometer adapted to micro spectrophotometry as described in the 
procedure for pamaquine (2). 

A reagent blank in which water is substituted for plasma is run through 
the above procedure and is used for setting the instrument to zero optical 
density. This reagent blank should not give an optical density of more 
than 0.010 when 1 N HCl is used to set the instrument at zero optical den- 


sity. 
Standard Curve—Standards are prepared by taking 1 ml. of standard 
solution, adding 1 ml. of 2.5 n NaOH and 30 ml. of the benzene, and hand- 
ling in the same manner as described for the biological sample. As noted 
above, a reagent blank is run through the same procedure and is used for 
setting the instrument to zero optical density. A permanent standard 
curve is constructed with optical density plotted against micrograms of 
drug. This is a highly reproducible linear relationship, so that standards 
need not be run together with each set of determinations. The optical 
densities were found to be proportional between 0.5 and 4 y per ml. An 
optical density of 0.109 is obtained on the adapted Coleman model 6 spec- 


‘Organ tissues and feces are emulsified in acid as described in Paper I of this 
series (3). There are substances in normal tissues which react with the methyl 
orange to give a considerable blank. To remove these the emulsified tissues are 
treated as follows: To 1 volume of emulsified tissue are added 5 volumes of 20 per 
cent metaphosphoric acid. This serves to precipitate the proteins and to remove 
most of the substances in tissue which react with the methyl orange to give a blank 
(4). An aliquot of the filtrate is made alkaline and extracted with benzene as de- 
scribed in the procedure. 
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trophotometer when | y of cinchonine is run through the procedure as 
described above. 
Results 
A summary of the recoveries of known amounts of cinchonine added to 
plasma is shown in Table II. It is evident from these results that the sen- 
sitivity and precision of the method are quite adequate for amounts of 
cinchonine as low as 0.5 y. Analyses run on single samples over a period 


Taste Il 
Recovery of Cinchonine Added to Plasma 

Cinchonine added | Cinchonine found Recovery 
per cent 
0.5 0.57 | 14” 

0.51 | 102 
0.45 | 

0.50 | 100 

0.47 

0.08 as 

1.00 1) 

1.01 101 

| 1.06 106 

| 0.99 a 

| 0.94 

2 2.0 | 100 

| 2.05 | 103 

| 1.95 98 

| 1.92 | 06 

| 1.90 95 

1.90 95 

1.85 93 


of several weeks gave highly reproducible results, from which it may be 
concluded that the drug in plasma is stable when stored in the refrigerator. 

Specificity—There is a small amount of material in normal biological tis- 
sues which reacts as cinchonine in the analytical procedure described above. 
This interference is negligible for most tissues when concentrations of the 
drug are high but for plasma in which it varies from 0 to 10 y per liter it 
constitutes an error which limits the sensitivity of the method. 

The possible interference by drug metabolic products has been tested. 
Cinchonine metabolizes in the body in the main to 2-hydroxycinchonine 
and to a derivative of the latter with an additional oxygen in the quinueli- 
dine ring.” Both of these compounds have been isolated from the urine 


? Brodie, B. B., Baer, J. E., and Craig, L., unpublished work. 
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and have been shown to be present in plasma from persons receiving the 
drug. ‘These compounds show a negligible interference in the method 
described above. The method, therefore, is highly specific. 


Comment 


Numerous organic bases form complexes with methyl orange which are 
quite soluble in benzene, so that the methy! orange enters the organic phase 
in amounts equivalent to the contained base. Other organic bases form 
complexes which distribute between water and the benzene phase, so that 
the amount of methyl orange which enters the organic phase is less than the 
equivalent base contained therein. It has been found in the latter instances 
that the standard curve varies somewhat from day to day and therefore 
standards must be run concurrently with each set of determinations. The 
solubility of the complex in the water phase may be decreased by using 
more concentrated methyl orange solutions. The methyl orange complexes 
are, as a rule, more soluble in the more polar solvent, ethylene dichloride. 
This solvent can often be used in those instances in which the complex is 
not soluble in benzene. However, it is preferable to use benzene when 
possible because of the low tissue and reagent blank and consequently the 


higher sensitivity. 
SUMMARY 


The sensitivity of the methyl orange reaction with organic bases has been 
increased for compounds which are extractable from biological material 
with benzene and whose complex with methy! orange is soluble in this sol- 
vent. lor illustrative purposes, this revised method has been applied to 
the development of an analytical procedure for the estimation of cinchonine. 
This procedure permits the estimation of cinchonine in amounts as low as 
0.57. Pertinent information for the estimation by this method of certain 
other antimalarial drugs is also given. 

Cinchonine is isolated from the biological material by an extraction of the 
free base with benzene at an alkaline pH. The benzene is shaken with 
methyl orange solution. The methyl orange which dissolves in the sol- 
vent through salt formation with cinchonine is returned to a small volume 
of acid and its concentration is estimated by determining the optical 
density. 

The method as applied to cinchonine has a high degree of specificity. 
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THE ESTIMATION OF BASIC ORGANIC COMPOUNDS 
IN BIOLOGICAL MATERIAL 


VI. ESTIMATION BY ULTRAVIOLET SPECTROPHOTOMETRY* 


By EDWARD 8. JOSEPHSON 
(From the Division of Physiology, National Institute of Health, Bethesda, Maryland) 
anp SIDNEY UDENFRIEND ann BERNARD B. BRODIE 
(From the Department of Medicine, New York University College of Medicine, and 


the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hosjital, New York) 


(Received for publication, January 6, 1947) 


Many basic organic compounds exhibit characteristic absorption maxima 
in the ultraviolet region. Ultraviolet spectrophotometry lacks the sensitivity 
of the methods of assay previously described in this series of papers, but 
_ it may be useful as a final means of assay for compounds not readily amen- 

able to analysis by other methods. It can also be used as an aid in de- 
veloping procedures which may eventually involve other principles of assay 
(1). Ultraviolet spectrophotometry has been applied to the quantitative 
estimation of organic bases in plasma!’ at concentrations in the order of 
1 mg. per liter. 

The organic base is isolated from alkalized plasma by extraction into 
a suitable organic solvent. Normally occurring interfering substances are 
removed from the plasma extract by means of an aqueous alkaline wash. 
The drug is then returned to 0.1 N H.SO, and the concentration of the 
compound is estimated spectrophotometrically. 

A procedure for the estimation of quinine in plasma is given to illustrate 
this method of analysis. Quinine in 0.1 N H,SO, possesses an absorption 
maximum at 250 mu, and measurements are therefore made at this wave- 
length. ‘The procedures for other bases are the same in principle, differing 
in the choice of solvent and the wave-length of maximal light absorption. 


General Considerations 


Instrument—The instrument used was the Beckman quartz photoelec- 
tric spectrophotometer. A recent simple adaptation of this apparatus 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. A portion of this work has appeared in 
abstract form (Federation Proc., 6, 140 (1946)). 

‘The measurement of drug concentration in organ tissues has not been attempted 
as yet in this laboratory. 


341 


® 
a 
| 


342 BASIC ORGANIC COMPOUNDS. VI 


permits the use of small volumes without changing the length of the light 
path through the solution (2). It is possible that the sensitivity of the 
method described below may be markedly increased by using this adapta- 
tion. 

Solvents—Heptane and ethylene dichloride have been used as the ex- 
tracting solvents. The purification of these solvents involves the removal 
of those substances which are extractable by acid and which interfere in the 
final measurement. ‘The solvents are routinely purified by shaking sue- 
cessively with 1 N NaOH and 1 n HCl, followed by two washes with water. 
Technical grades of solvent have been found satisfactory. 

Blanks—The limiting factor in the sensitivity of the absorption measure- 
ments is the reagent blank. The blank due to the reagents is minimized by 
purifying the solvents as described above. The glass-stoppered tubes 
used in the final acid extraction, the pipettes used in transferring the acid 
solution to the cuvette, and the cuvettes are cleaned with chromic acid. 
The optical density of the reagent blank should not be greater than 0.005 
when measured between the wave-lengths 230 to 300 mu. At higher wave- 
lengths the blank is negligible. 

Ethylene dichloride and, to a lesser degree, heptane, extract normally 
occurring organic bases from plasma which also absorbs light between 230 
and 300 mu. These substances may be selectively removed from the sol- 
vent extract by an aqueous alkaline wash at about pH 9. For this purpose, 
an aqueous solution of sodium borate is used. 


Procedure for Quinine 


Reagents— 
1. Standard solution of quinine, 100 mg. per liter. .100 mg. of the free 


base are dissolved in 1 liter of 0.1 sn H»SO,. - 

2. 2.56 n NaOH. 

3. Ethylene dichloride. A technical grade of ethylene dichloride is 
purified as described above. ° 

4. 0.02 N sodium borate. 

5. 0.1 N H,SQ,. 

Procedure— Add 1 to 4 ml. of plasma and 1 ml. of 2.5 N NaOH to 15 ml. 
of ethylene dichloride in a 60 ml. glass-stoppered bottle and shake for 10 
minutes on a shaking apparatus. Transfer the contents to a test-tube and 
centrifuge at 3000 r.p.m. for 5 minutes. Remove the aqueous phase by 
aspiration. Transfer as much of the solvent phase as possible to a 60 ml. 
glass-stoppered bottle. Add about 3 volumes of the sodium borate solu- 
tion and shake for 5 minutes. Remove the aqueous phase by aspiration. 
Repeat the washing. Then transfer 10 ml. of the solvent phase to a 
ml. glass-stoppered bottle or to a glass-stoppered test-tube containing 4 
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ml. of 0.1 N H.SO,4. Shake for 3 minutes and then centrifuge at low speed. 
Transfer about 3 ml. of the aqueous phase to a quartz cuvette and read the 
optical density in a spectrophotometer, with the instrument set at the 
wave-length 250 mu. A reagent blank, with water substituted for plasma, 
js run through the same procedure. This should not have an optical den- 
sity greater than 0.005. 

Working standards of the drug are prepared by dilution of the stock 
standard with 0.1 N H,SOy. The samples give readings on the spectro- 
photometer which are directly proportional to their concentration. A 
“dummy” consisting of 0.1 N H,SO, is used for the blank setting of the 


I 
“Recovery of Quinine Added to Plasma 

Ouinine added | Quinine found | Recovery 
per cent 

5 4.95 99 

5.05 101 

4.94 99 

5.03 101 

10 10.1 101 

10.1 101 

9.97 100 

9.88 99 

20 19.8 99 

20.0 100 

19.5 98 

| 19.7 99 


spectrophotometer. A concentration of quinine of 5 7 per ml. should read 
about 0.430 in terms of optical density. 


Results 


The data in Table I indicate that the sensitivity and precision of the 
method are adequate for amounts of quinine as low as 5 y. Normal plasma 
extracts contain negligible amounts of material which interfere in the pro- 
cedure described above. The extent of interference by metabolic prod- 
ucts of the drug has not been assayed. 


SUMMARY 


A simple spectrophotometric method is described which is applicable 
to the estimation of many organic soluble bases which absorb light in the 
ultra-violet region. This method has been applied for illustrative purposes 
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to the estimation of quinine in plasma. This procedure permits the de- 
termination of quinine in amounts in the order of 5 y. 

Quinine is isolated from the plasma by an extraction of the free base 
with ethylene dichloride at an alkaline pH. Normally occurring substances 
which interfere in the absorption measurement are selectively removed by 
an aqueous wash at pH 9. The drug is then returned to acid and the con- 
centration measured spectrophotometrically at 250 mu. 
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THE PLASMA AMINO ACID AND AMINO NITROGEN 
CONCENTRATION DURING NORMAL PREGNANCY, 
LABOR, AND EARLY PUERPERIUM* 


By ROY W. BONSNES 
Wirn vue Teemnicat Asststance or M. Brew 


(From the Chemistry Laboratories of the Department of Obstetrics and Gynecology, 
Cornell University Medical College and The New York Hospital, New York) 


(Received for publication, December 21, 1016) 


The a-amino nitrogen in plasma during normal pregnancy, labor, and 
the early puerperium has been determined by the gasometric ninhydrin- 
carbon dioxide method and is reported in this communication. For 
comparison, the amino nitrogen has also been determined simultaneously 
by the photometric method with sodium s-naphthoquinone-4-sulfonate. 


EXPERIMENTAL 


Subjects —Blood specimens were obtained by venipuncture from women 
who were pregnant, in labor, and in the early puerperium. All these 
women were normal clinically. Blood specimens were also obtained from 
women who were admitted to the gynecological service for minor surgical 
procedures. These specimens were used to determine the normal non- 
pregnant values. 

The blood specimens taken during pregnancy were obtained as the 
women registered at or attended the antenatal cline. These patients had 
eaten varying amounts of different foods for breakfast, and the bloods were 
taken at varying times following the meal. However, no indication has 
been obtained that ingestion of breakfast has any marked effect upon the 
values obtained. This is probably due to the fact that the breakfasts 
consumed were generally light and contained only small amounts of protein. 
All other blood specimens were withdrawn from patients before breakfast. 

Methods—-The free amino acid nitrogen in picric acid filtrates of plasma 
was determined by the gasometrie ninhydrin-carbon dioxide method of 
Hamilton and Van Slyke (1). None of these data are corrected for urea. 

The amino nitrogen in Wu filtrates of plasma (2) was determined by 
the Folin reaction as described by Frame, Russell, and Wilhelmi (3) and 
by Russell (4). The transmission of the final colored solutions was deter- 
mined with an Evelyn photometer (5) with Filter 520.! 


* This study was aided by a grant from the John and Mary R. Markle Foundation. 

' Frame, Russell, and Wilhelmi (3) recommend Filter 490. When this work was 
started we did not have this filter. We have subsequently determined that for all 
practical purposes it makes very little difference whether one uses Filter 520 or 490 
if average values are compared as in this paper. It is true, of course, as pointed out 
by the original authors, that the resolving power is greater when Filter 490 is used. 


345 


= 

1 


346 PLASMA AMINO ACID AND AMINO N 


Urea was determined directly on the plasma by the Conway micro 
diffusion method (6) as modified by Steinitz (7). 


Results 


The plasma amino acid nitrogen during pregnancy and during labor 
averages about 3.2 mg. per cent (Table 1). This is approximately 25 per 
cent less than the values observed in normal non-pregnant women. The 


TaBLe 
Plasma a-Amino Acid Nitrogen during Pregnancy* 
| 
of | No. of specimens Mean Range | 
3 Il 3.3 2.9-3.7 0.30 
4 19 3.2 2.5-3.7 0.26 
5 14 3.3 2.§-4.0 0.39 
6 1S 3.1 | 2.1-4.0 0.40 
7,5 10 3.2 2.8-3.7 0.28 
9, 10 13 3.3 3.0-3.7 0.26 
85 : 3.2 2.1-4.0 


* About 90 per cent of these determinations were carried out in duplicate. 


Tas.e Il 


Plasma a-Amino Acid Nitrogen, Amino Nitrogen, and Urea of Normal Non-Pregnant, 
Pregnant, and Parturient Women 


No. of Ninhydrin method Photometric method My. — sty Urea, 
|subjects| | average 
Average Average Ee... 
| 
| me. perc | me. per | pa 
Normal... 15 | 4.2 (3.84.8) | 0.29 | 4.5 (3.3-6.2) 0.69 1.54 (12.0 
Pregnant. ... | 39 | 3.2 (2.1-4.0) | 0.39 | 3.5 (2.34.7) | 0.56 | 2.78 | 8.7 
Labor.........| 18 | 3.0 (2.4-3.7) | 0.28 | 3.9 (2.8-6.2) | 0.81 4.31) 94 
Postpartum... 25 | 4.3 (3.5-5.0) | 0.33 | 5.4 (4.1-6.8) | 0.71 | 7.05 | 12.6 


amino acid nitrogen has reached this level by the 9th week of pregnancy. 
Two plasmas have been obtained from women in their 6th week of preg- 
nancy. The amino nitrogen was decreased at this time in these two. No 
significant change in amino acid nitrogen level occurs during pregnancy. 
No change takes place during labor. ‘here are no indications in the 
determinations performed upon plasma from eighteen patients who had 
been in active labor for varying lengths of time (from 1 to 53 hours, with 
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the majority ranging from 1 to 16 hours of labor) that there would be any 
particular change in the value as a function of the time in labor or the 
character of the labor. 

The free amino acid nitrogen values return to normal shortly after 
delivery. The present data are not sufficient to delimit the exact time. 
However, normal values may be observed on the Ist and 2nd postpartum 
days. 

The values obtained by the photometric method for amino nitrogen are 
generally higher than those obtained by the more specific ninhydrin 
method. Such a result was expected. In the normal and pregnant series 
the photometric method gave values some 7 and 10 per cent higher, re- 
spectively, than those obtained by the ninhydrin method (Table II). 
This difference is of the same order of magnitude as that which Hamilton 
and Van Slyke (1) observed between the values obtained with the ninhydrin 
method compared with those by the Van Slyke nitrous acid method (8). 
The results obtained by the photometric method during labor and during 
the early puerperium are 30 and 26 per cent higher, respectively, than 
the corresponding values by the ninhydrin method. This result was not 
expected. At the present writing it cannot be explained. 


DISCUSSION 


The values obtained here for the plasma amino acid nitrogen in the 
normal non-pregnant individual are of the same order of magnitude as has 
been previously reported by others (1, 9-12). In so far as we know, this 
is the first report of the determination of the plasma amino acids by the 
gasometric ninhydrin-carbon dioxide method during pregnancy, labor, 
and the early puerperium. 

The reason for this decrease in the plasma amino nitrogen is not clear. 
It may be in part due to the increase in blood volume which occurs during 
pregnancy (13). But if this were the only factor involved, a gradual 
decrease in the amino acid nitrogen as a function of the time elapsed since 
conception might be expected. Such a relationship does not seem to 
exist. No reciprocal relationship exists between the amino acid nitrogen 
and the urea nitrogen, since both values are decreased in pregnancy (14). 
But the urea seems to decrease as a function of the length of pregnancy, 
whereas the amino nitrogen remains constantly low. Nor does there 
seem to be any correlation between the plasma amino nitrogen and the 
plasma uric acid. According to our results the concentration of this 
latter compound in the plasma is definitely decreased in early pregnancy 
and possibly tends to increase somewhat toward term.? 


* Bonsnes, R. W., unpublished data, 
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The value obtained in this study for plasma amino nitrogen by the 
8-naphthoquinone-4-sulfonate reaction is definitely lower than the 4.5 mg. 
per cent reported by Plass and Mathew (15) by the original Folin proee- 
dure. Therefore, it may not be comparable because of the modifications 
in procedure and improvements in instrumentation which have occurred 
since then. It is interesting to note, however, that the plasma value 
reported by Plass and Mathew for the pregnant woman is significantly 
lower than that reported by both Folin and Berglund (16) and by Wu (2) 
when the data of these investigators are evaluated statistically  Sinee 
all three investigators used essentially the same method at about the 
same time, their data should be comparable. 

The significantly higher values obtained by the photometric method 
as compared with the gasometrie ninhydrin-carbon dioxide method during 
labor and during the early puerperium cannot be explained. The increase 
may be due, in part, to the increase in uric acid which supposedly oceurs 
during that time (17-19). If uric acid alone were responsible, a correlation 
should exist between the uric acid value and the amino nitrogen value. 
But when such data are plotted, no apparent correlation appears. How- 
ever, the data have not been subjected to any rigorous mathematical 
analysis. Further data along these lines are being collected. In view of 
these results, amino nitrogen as determined by the 8-naphthoquinone-4- 
sulfonate method may not justifiably be translated into amino acid nitrogen 
unless both the 8-naphthoquinone and the ninhydrin methods give approxi- 
mately similar results under similar experimental conditions. 

Increases in amino nitrogen during labor and the puerperium have been 
reported previously. Scontrino (20) reported an increase in the amino 
nitrogen of trichloroacetic acid filtrates of plasma as determined by the 
Van Slyke nitrous acid method (8) and Doneddu (21) has observed an 
increase in the amino nitrogen of whole blood filtrates as determined by 
the Folin method during this period. Both these investigators found 
the increase to occur during the last weeks of pregnancy. Scontrino also 
found the amino nitrogen to be higher in early pregnancy than in the 


> These calculations have been carried out by us in the usual manner, using the 
data which appear in the original papers. Both Wu (2) and Plass and Mathew (15) 
give the actual data, and so no assumptions need be made. Llowever, Folin and Berg- 
lund (16) give an average value and the range of values, from which it is possible to 
calculate the maximum and minimum variance possible (but not necessarily permis- 
sible). A median possible variance was then calculated from these two figures. 
This calculated variance agreed well with one calculated from anassumed reeconstrue- 
tion of the data. Any errors involved in making these assumptions will not change 
the order of magnitude of the result sufficiently to alter the conclusion that the aver- 
age value is significantly different from the one reported by Plass. 
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normal non-pregnant individual. Doneddu observed normal values during 
the early puerperium. Contrariwise, Morse (22) interpreted his limited 
data as indicating no change in the amino nitrogen of trichloroacetic acid 
filtrates of both whole blood and plasma during labor. Our own data do 
not indicate any rise in the amino nitrogen in the plasma until the time of 
labor, and even then some of the values lie within the range observed 
during pregnancy. 

The lower amino acid and amino nitrogen content of the plasma during 
pregnancy reported here necessitates a reevaluation of the amino nitrogen 
levels in whole blood during pregnancy. Previously the amino nitrogen 
of whole blood has been reported unchanged during pregnancy (7.e., 
essentially the same as in a non-pregnant individual) as determined by 
both the colorimetric (15, 21, 23) and the gasometrie nitrous acid methods 
(22). These observations have been confirmed by us many times before the 
plasma amino acid nitrogen had been determined. Since the whole blood 
amino nitrogen is within normal limits and the plasma amino acid nitrogen 
and the amino nitrogen are decreased and the hematocrit is also decreased, 
it follows that the amino nitrogen (but not necessarily the amino acid 
nitrogen) of the cells during pregnancy is increased. A_ preliminary 
survey indicates that the compounds present in the cells which react with 
8-naphthoquinone-4-sulfonate do not all react with ninhydrin. The cells 
seem to have a normal content (7.¢., normal non-pregnant value) of com- 
pounds which react with ninhydrin and a much higher content of com- 
pounds which react with 8-naphthoquinone-4-sulfonate. When sufficient 
of these data have been collected, they will be presented in a separate 


paper. 
SUMMARY 


The a-amino acid nitrogen and the amino nitrogen in the plasma during 
pregnancy, labor, and the puerperium have been determined by the 
gasometric ninhydrin-carbon dioxide and by the photometric 8-naphtho- 
quinone-4-sulfonate methods, respectively. The a-amino acid nitrogen 
was found to average about 3.2 mg. per cent during pregnancy and labor 
and to return to a normal of about 4.3 mg. per cent during the early puer- 
perium. The amino nitrogen averaged 3.5 mg. per cent during pregnancy, 
3.9 mg. per cent during labor, and 5.4 mg. per cent during the early puer- 
perium. ‘These last two values are significantly different from those 
obtained by the gasometric ninhydrin procedure. 


We wish to thank the house and nursing staffs of The Lying-In Hospital 
for their cooperation in obtaining the blood samples analyzed. 
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THE COMPOSITION OF CARDIOLIPIN* 


Br MARY C. PANGBORN 


(From the Division of Laboratories and Research, New York State 
Department of Health, Albany) 


(Received for publication, January 13, 1947) 


The isolation of the phospholipide cardiolipin from beef heart was first 

reported in 1941 (1) and some of its chemical properties have been discussed 
in subsequent reports in connection with improvements in methods of 
preparation (2-4). The present paper deals with a study of the products 
of alkaline hydrolysis. The data presented have been collected from 
numerous experiments in which samples of several lots of cardiolipin were 
used. 
Cardiolipin is easily saponified with potassium hydroxide in absolute 
alcohol at room temperature, when the greater part of the phosphorus- 
containing portion of the molecule is obtained as a precipitate of alcohol- 
insoluble potassium salts. This water-soluble, phosphorus-containing 
fraction is a complex ester which breaks down to glycerol and glycerophos- 
phorie acid on acid hydrolysis. The soap solution yields fatty acids 
amounting to about 73 per cent of the weight of cardiolipin, identified as 
oleic and linoleic acids. It does not appear that any significant proportion 
of the molecule is left unaccounted for, and one can therefore formulate 
the general structure of the compound on the basis of the data presented 
here. 


EXPERIMENTAL 
Hydrolysis of Cardiolipin 


To a solution containing 1.03 gm. of sodium cardiolipin in 150 ml. of 
absolute aleohol were added 1.5 gm. of carbonate-free KOH, dissolved in 
absolute alcohol. The solution became cloudy within a minute of mixing 
and the precipitate then increased rapidly, flocculating when the mixture 
was shaken. The mixture was allowed to stand at room temperature 
with occasional shaking for about 2 hours, at which time the supernatant 
was clear. It had previously been found that longer hydrolysis did not 
increase the yield of the precipitate. This initial precipitate was designated 
Fraction K-1 (see flow sheet, below). 


* A preliminary report of this work was presented before the American Society of 
Biological Chemists at the meeting of the Federation of American Societies for Ex- 
perimental Biology at Atlantic City, New Jersey, March 11-15, 1946 (Federation 
Proc., 6, 149 (1946)). 
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The mixture was centrifuged and the precipitate thoroughly washed 
with several portions of absolute aleohol. To the alkaline solution and 
washings were added a further 5 gm. of KOH dissolved in a little water, 
making the final concentration of KOH about 3 per cent. The solution 
was allowed to stand overnight at room temperature to insure complete 
saponification. 

Fatty Acids—The alcoholic soap solution was concentrated in vacuo, 
diluted with water, acidified with H,SO,, and extracted with petroleum 
ether. Further extraction of the acid aqueous solution with ether removed 
only 4 mg. of brownish oily material. The nearly colorless petroleum 
ether extract was washed with water until the washings were free of sulfate; 
it was then dried overnight on anhydrous Na SO,, filtered, concentrated, 
and finally transferred to a weighed flask and evaporated to dryness. 
The residue was dried to constant weight in a desiccator from which air 
was displaced with nitrogen before evacuation to about 2mm. _ The fatty 
acids weighed 0.751 gm. or 73.3 per cent of the weight of cardiolipin hy- 
drolyzed. The average of four such determinations gave a value of 73.0 
per cent fatty acids. 

Acid Aqueous Fraction—After extraction with ether, the acid aqueous 
solution was neutralized to litmus with KOH and concentrated to dryness, 
The salt mass was repeatedly extracted with warm methyl! alcohol; the 
solution so obtained was evaporated to dryness and the residue was taken 
up in absolute methyl aleohol and filtered from a trace of K,SO,. The 
slightly brownish solution was designated Fraction K-2. It was made up 
to 25 ml. and aliquots were analyzed for phosphorus; found, 4.45 mg. of 
P or 10.3 per cent of that originally present. 

Fraction K-1—-The precipitate formed in the original saponification 
mixture was a dense white powder, readily soluble in water and extremely 
hygroscopic. It was also soluble in absolute methy! aleohol. Aliquots of 
a methyl aleohol solution were taken for analysis; found, 37.97 mg. of 
P or 88.2 per cent of the original. Hence 98.5 per cent of the phosphorus 
of cardiolipin was recovered in the form of methyl aleohol-soluble K salts 
by this method of hydrolysis. 


Fatty Acids 


The fatty acids isolated from the petroleum ether extract formed a 
nearly colorless viscous oil. The molecular weight by titration was 279.2. 
Iodine numbers were determined by Yasuda’s modification of the Rosen- 
mund-Kuhnhenn method (5); the mean of the values found for cight 


separately prepared lots of fatty acid was 163, the values ranging from 


159 to 167. The high iodine number made it appear unlikely that any 
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saturated acids were present ; nevertheless a sample of 1.4 gm. was examined 
by the lead salt-aleohol method (6). No saturated acid fraction could 
be detected. 

Hydrogenation —A sample of the freshly isolated acids weighing 0.841 
gm. and having an iodine-number of 163 was dissolved in 95 per cent 
alcohol and hydrogenated in the presence of platinum oxide catalyst (7). 
The reduced acids obtained after filtration and evaporation of the aleohol 
formed a crystalline mass weighing 0.82 gm., which was reerystallized 
once from 10 ml. of acetone. A trace of material insoluble in the boiling 
acetone was removed by filtration. This substance, which has not been 
identified, weighed 16 mg.; it was insoluble in ether or petroleum ether, 
slightly soluble in chloroform and in hot ethyl aleohol. A little more was 
probably lost in filtering off the catalyst. 

The reerystallized fatty acid separated in glistening plates, weighing 
0.644 gm. The molecular weight by titration was 283. The melting 
point was 68.5-69° and there was no depression when the sample was 
mixed with known stearic acid. A second crop of crystals obtained from 
the concentrated mother liquor weighed 0.11 gm. and melted at 67.5-68°. 

The high yield of stearic acid, amounting to 92 per cent of the reduced 
acid recovered, practically limited the possible components of the original 
unsaturated mixture to oleic, linoleic, and linolenic acids. The high 
iodine number proved that either linoleic or linolenic acid must be present. 

In a preliminary attempt to detect linolenic acid, samples of the fatty 
acid mixture were brominated in chloroform and in ether solutions at 
-5°. Most of the product was an oil, only a very small vield of crystalline 
tetrabromostearic acid being obtained. No ether-insoluble bromide could 
be detected. 

Another sample, 1.30 gm., was brominated in petroleum ether at —5° to 
—10° as recommended by Brown and Frankel (8). The vield of solid 
tetrabromostearie acid was 1.13 gm.; for recrystallization, this was dis- 
solved in 10 ml. of ether and the solution was centrifuged to remove an 
insoluble residue, which weighed 15 mg. The clear ether solution was 
mixed with 20 ml. of petroleum ether and allowed to stand overnight at 
3-6°, when the tetrabromostearic acid separated in glistening rosettes, 
m.p. 113-113.5°. According to Brown and Frankel’s formula (8, 9), the 
yield of tetrabromostearie acid would correspond to a tetrabromide number 
of 86.9 or 84.5 per cent of linoleic acid. A mixture of 84 per cent linoleic 
acid with 16 per cent oleic acid would have an iodine number of 167. 

The chief fatty acids of cardiolipin are therefore linoleie and oleie in the 
approximate ratio 5:1. The presence of small amounts of other acids is 
indicated by the occurrence of a trace of ether-insoluble bromide and the 
acetone-insoluble contaminant in the reduced acid fraction. 
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Water-Soluble Components 


In preliminary experiments on Fraction K-1 it was found that most of 
the material could be converted to Ba salts freely soluble in 50 per cent 
alcohol. Only very small amounts of glycerophosphate could be detected. 
The acid corresponding to the soluble Ba salt could not be prepared intact: 
hydrolysis evidently took place readily in acid solutions, and the recovered 
mixtures always contained considerable amounts of glycerophosphorie 
acid. After Fraction K-1 had been boiled with IC] or H,SO,, two prod- 
ucts, glycerol and glycerophosphoric acid, could be recovered. Glycerol 
was identified as the tribenzoate. A little free phosphoric acid was also 
formed. In Fraction K-2, obtained after acidification of the soap solution, 
practically all the phosphorus was present as glycerophosphoric acid, 
with traces of free phosphoric acid. 


Tas.r I 
Recovery of Cleavage Products of Cardiolipin 

Pound on | Radical ia original 
Fatty acids _ 73.3 CyyCO 65.59 
Glycerol..... ..... 17.1 C,H,Oy 16.54 
Sodium....... Na | 8a 

«96.14 


© Found by analysis of intact cardiolipin, 4.18 per cent (see Table IV). _ 
t Previously reported (2). 


These findings suggested the presence of a complex glyceryl-glycero- 
phosphate ester. Further experiments were designed to show whether 
such a structure could account for the whole of the water-soluble portion 
of the cardiolipin molecule and whether the complex ester could be isolated 
in an analytically pure state. 

A sample of sodium cardiolipin weighing 2.02 gm. was saponified and 
Fractions K-1 and K-2 were separated as described above. Aliquots of 
these two solutions were analyzed for phosphorus and glycerol! Fraction 
K-1 contained 76.0 mg. of P and 317 mg. of glycerol; Fraction K-2, 5.6 
mg. of P and 29 mg. of glycerol. In Table I the data are recalculated to | 
allow for the water added during hydrolysis. It is evident that the recovery 
of material is essentially complete. 


! Phosphorus was gravimetrically determined as phosphomolybdate, essentially 
by the method of Elek (10). Glycerol was determined by the method of Blix (11) 
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Acid Hydrolysis of Fraction K-1—75 ml. of an aqueous solution of 
Fraction K-1 containing 0.76 mg. of P per ml. were mixed with 15 ml. of 
concentrated HCl to give a final acid concentration of about 2 ~ and 
refluxed in an all-glass apparatus for 3 hours. The hydrolysate was 
evaporated to dryness and HCl removed by repeatedly adding small 
portions of water and reevaporating to dryness. The residue was finally 
dissolved in water and the solution was transferred to a 50 ml. centrifuge 
tube and neutralized to phenolphthalein with saturated Ba(OH),. A 
small flocculent precipitate formed. This was collected by centrifugation 
and washed three times with water. It was then redissolved in a little 
dilute HC! and the solution was filtered from a trace of insoluble matter 
and again neutralized with Ba(OH), The re-formed Ba salt was again 
thoroughly washed with water and finally with aleohol, followed by ether, 
and dried in vacuo; weight, 0.0764 gm. 

All supernatants and washings from the purification of the insoluble 
fraction were added to the main lot of water-soluble Ba salt. The solution 
was concentrated to 20 ml. and mixed with 20 ml. of aleohol, yielding a 
coarsely flocculent precipitate of barium glycerophosphate. This was 
redissolved in water, centrifuged to remove a further trace of the insoluble 
fraction, and again precipitated with an equal volume of alcohol. The 
precipitate was washed with aleohol and ether and dried in vacuo; weight, 
0.4130 gm. A second crop was obtained by concentrating the 5O per cent 
alcoholic mother liquors to 10 ml. and precipitating with 20 ml. of alcohol; 
this weighed 0.0457 gm. and was added to the main lot. For analysis, a 
sample of the pooled Ba glycerophosphate fraction was dissolved in water, 
freed from a trace of the insoluble fraction, reprecipitated with an equal 
volume of alcohol, and dried to constant weight at 140° in vacuo. 


C;H.O.PBa. Calculated. Ba 44.54, C 11.68, P 10.05, glycerol 29.85 
Found. 44.95, “ 11.77,“ 10.19, 29.53 


The 50 per cent alcoholic mother liquors from purification of the glycero- 
phosphate were evaporated to dryness, the residue was extracted with 
acetone, and aliquots of the clarified acetone solution were analyzed by 
the Blix method to determine free glycerol. 

The results are summarized in Table II. The two major products, 
glycerol and glycerophosphoric acid, account for most of the material. 

Fractionation of Fraction K-1—The major component of this fraction 
was isolated in the form of its Ba salt. 

Fraction K-1 from the saponification of 1.87 gm. of cardiolipin was dis- 
solved in absolute methyl! alcohol and the solution made up to 50 ml; it 
contained 1.412 mg. of P per ml., or 90.3 per cent of the total phosphorus. 
To 48.0 ml. of this solution, containing 67.8 mg. of P, were added 1.5 ml. of 20 
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percent aqueous BaCh. A heavy flocculent precipitate formed. The mix- 
ture was allowed to stand 2 hours in the ice box at 3-6 and the precipitate 
was then collected by centrifugation, washed several times with methyl 
alcohol, dissolved in water, and the solution made up to 50 ml. Analysis 
showed 1.176 mg. of P per ml, representing 78.3 per cent of the total 
phosphorus and 86.7 per cent of the phosphorus in Fraction K-1l. The 
material thus precipitated as the Ba salt was designated Fraction A. 

The supernatant and washings from Fraction A were concentrated 
in vacuo almost to dryness and dissolved in water. The clear aqueous 
solution was warmed with a slight excess of K»S8O, and the BaSQ, precipi- 
tate washed several times with hot water. The resulting aqueous solution 
of K salts was evaporated to dryness in vacuo and the residue was extracted 


Il 
roducts of Acid H ydrolysis Of Fraction 


Fraction | Phosphorus | Glycerol 
Crude Fraction K-1....| 56.9 100 | 238 100 
Ba glycerophosphate 46.5 | 81.7 | 138 58 
Insoluble Ba salt*..... 8.17 14.4 6.4 | 2.7 
6.3 | 
Phosphate P. | 8.1 

Free glycerol........ .. 35.3 
Total recovered _... 54.67 | 96.1 228.4 — 96.0 


y Dissolved i in dilute HC 1 and aliquots taken for analysis. Inorganic P was de- 
termined by precipitating the sample directly with the Pregl molybdate reagent. 
In a control test, a glycerophosphate sample allowed to stand overnight with the 
reagent did not split off any phosphate. The difference between the inorganie P 
and the total foynd after fusion gave the organically bound P. 


with several portions of warm methyl! alcohol. The insoluble portion 
consisted of and was discarded. The methyl! alcohol solution was 
evaporated to dryness and the residue treated with absolute ethy! aleohol, 
in which most of it was soluble. The ethyl aleohol solution, Fraction B, 
contained 6.43 mg. of P or 9.5 per cent of the total in Fraction K-1; the 
small insoluble portion, which was soluble in methy! alcohol and appeared 
to be the K salt corresponding to Fraction A, contained 1.98 mg. of P 
or only 2.9 per cent of the total. : 

It is not clear as yet whether the alcohol-soluble K salt here isolated 
could have been present as such in the original precipitate of Fraction K-1. 
Since no reagents other than neutral salts were used and since the separa- 
tion of Fractions A and B took place merely by precipitation of the Ba 
salt of Fraction A with BaCl, it would seem that hydrolysis of an original 
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compound of Fractions A and B is excluded. Fraction B might have been 
held in the original precipitate by adsorption on the insoluble K salt of 
Fraction A. Further study of Fraction K-1 by other methods would be 
necessary to determine this point. 

The alcoholic solution of the K salt of Fraction B gave a fairly heavy 
flocculent precipitate on the addition of aleoholie CaCl, The Ca salt so 
prepared was readily soluble in methyl! aleohol. Attempts to purify it by 
reprecipitation with absolute ethyl aleohol from aqueous or methyl aleo- 
holic solution were unsuccessful, as its solubility in the mixed solvents was 
too great. One sample was partly purified by first washing thoroughly 
with ethy! alcohol, then dissolving the precipitate in methyl aleohol and 
filtering from a little insoluble matter. The methyl! aleohol-soluble salt 
was dried for analysis; found, P 13.61, C 21.24, Ca 7.28. This fraction 
was presumably a mixture. 

Purification of Ba Salt of Fraction A— Several lots of the Ba salt, totaling 
3 gm., were pooled for purification. The salt was dissolved in 25 ml. of 
H,O and the slightly cloudy solution was mixed with 25 ml. of alcohol. 
A very small oily precipitate formed, which was redissolved in 5 ml. of 
H,O and mixed with 5 ml. of alcohol; it then yielded a floceulent precipitate 
of Ba glycerophosphate. After two more reprecipitations from 50 per 
cent aleohol the glycerophosphate weighed 0.31 gm. or about 10 per cent 
of the total. 

The pooled 50 per cent aleohol solutions were concentrated in vacuo to 
about 25 ml. and poured into 250 ml. of absolute methyl aleohol. The 
flocculent precipitate was collected after refrigerating overnight. The 
eycle of solution in water, precipitation with an equal volume of aleohol, 
and recovery by precipitation into methyl alcohol, was repeated four 
times more in order to remove further traces of glycerophosphate and 
water-insoluble Ba salts. The purified salt, dried by washing with aleohol 
and ether, weighed 1.25 gm.; it was a dense hygroscopic white powder 
readily soluble in water or 50 per cent ethyl aleohol. A second crop of 
1.1 gm. was recovered by concentrating the dilute methyl aleohol mother 
liquors and once more precipitating with absolute methyl aleohol. 

For analysis, the purified salt was dried to constant weight in vacuo at 
140°. The results are presented in Table IIT, together with the calculated 
values for compounds containing two, three, and four glycerophosphate 
radicals. ‘The presumable structure of the compound is discussed below; 
its composition agrees well with that caleulated for a compound made up 
of 3 glycerophosphoric acid molecules and | additional molecule of glycerol 
(Table III, column (b)). 

Thus, the water-soluble fraction of hydrolyzed cardiolipin consisted 
largely of a single substance, Fraction A, which was easily separated as 
the Ba salt. Second in amount was the rather ill defined Fraction B, 
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differing from Fraction A in the solubility of its K, Ca, and Ba salts in 
ethyl and methy! alcohols, but quite probably not a single compound, 
The other three fractions, glycerophosphoric acid, the acid giving a water. 
insoluble Ba salt, and phosphoric acid, accounted for only a small propor. 
tion of the total. 


Taste III 
Analysis of Ba Salt, Fraction A 

| Found | Calculated* 

| Top fraction Second crop | (e) 
25.66 27.21 | 28.06 
Glycerol........... | 4.72 | 46.51 | 51.88 48.68 | 47.08 


* Values calculated in per cent for the following formulas: (a) Cosll.oO.PsBa 
(2 glycerophosphoric acid + 1 glycerol); (6) Cull»xOisPsBa, (3 glycerophosphorie 
acid + 1 glycerol); (c) CisHsxOuP Baz (4 glycerophosphoric acid + 1 glycerol). 

t Carbon was determined by the manometric method of Van Slyke and Folch (12). 
For the carbon determinations reported in this paper the author is indebted to Dr. 
W. R. Thompson. 


The results of the hydrolysis are presented in condensed graphic form 
in the accompanying chart. 
Hydrolysis of Cardiolipin 
Cardiolipin + KOH 


| 
| | 


Supernatant Ppt.: Fraction K-1 
Acidify, extract with CH,OH solution + BaCh, 
petroleum ether 


| 
| | 


Fatty acids Fraction K-2 Soluble Ppt. 
10% of P Fraction B Ba salt 

10-12% of P Fraction A 

78% of P 
Glycerophosphoric acid, Mixture (?) glyceryl- Glyceryl-trigly- 
free glycerol glycerophosphate cerophosphate 
esters (Formula ID) 

DISCUSSION 


Satisfactory criteria of the purity of an amorphous substance such as 
cardiolipin are difficult to establish. Repeated purification over the Cd 
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salt has not been found to result in signiticant changes in chemical or 
serologic properties, so far as these have been studied. It was therefore 
felt that cardiolipin purified in the routine manner (4) was sufficiently pure 
for chemical study. Ilowever, small amounts of unidentified contaminants 
were undoubtedly still present in the samples used for these experiments. 
The presence of traces of unidentified acids in the fatty acid mixture might 
be accounted for by such impurities. Further study of methods for more 
rigid purification of cardiolipin is desirable; meanwhile, the present results 
are sufficient to establish the general structure of the compound. 

In drawing conclusions from the analytical data, it is to be remembered 
that the Blix method is not specific for glycerol, and a portion of the 
“glycerol” found by analysis might conceivably be some other alcohol 
giving a volatile iodide. However, no evidence for the presence of such 
another aleohol was found. Glycerol was also qualitatively identified 
as the tribenzoate. It is therefore a reasonable assumption that the 
skeleton of the molecule is a polyester of glycerol and glycerophosphoric 
acid. 

In earlier studies it was established that cardiolipin functions as a 


- monobasic acid; thus the ratio Na:P in the neutral Na salt was approxi- 


mately 1:1 (2), and titration of the free acid showed a single acid valence 
for each phosphorus atom (3). The glyceryl-glycerophosphate structure 
in which each phosphoric acid group is doubly esterified is in accord with 
these findings. The simplest glyceryl-glycerophosphoric acid would be: 


O 
CH,OH-CHOH-CH,0- OCH,- CHOH- CH,OH 


OH 
(I) 


Larger molecules could obviously be built up by similar linkage with more 
glycerophosphoric acid. Assuming such a structure, the composition of 
the purified Ba salt isolated from Fraction K-1 agrees best with that 
calculated from the following formula of the free acid. 


i 
CH,OH -CHOH-CH,0- OCH,-CHOH-CH,0- 1 OCH,-CHOH-CH,0- P—OH 
OH OH 


(ID) 
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The ester linkages are arbitrarily written in the @ position. There is no 
evidence on this point as vet: either @ or 8 linkages or both might be 
present, and numerous isomers are obviously possible. It is also clear 
that incomplete hydrolysis of this ester could give a complex mixture of 
products, depending on which linkages were broken. It is interesting 
to note that the second ester linkage in the polyester is quite easily hy- 
drolyzed, in contrast to the great stability of glycerophosphoric acid 
itself. 

Two interpretations of the results obtained from the study of Fraction 
K-1 are possible: (a) Fraction A, having Formula Il above, represents 
the intact skeleton of the cardiolipin molecule, while the other fractions 
are products of partial hydrolysis; or (6b) Fraction A is only a part of a 


Taste IV 
Com position of Sodium Cardiolipin 
Calculated* 
Found 
‘a) (b) (e) 

Carbon, %........ | OS 65.66 6.13 £64.00 
4.18 4.23 4.2 | 4.17 
Fatty acids, 3 73.0 76.63 76.01 75.40 
Glycerol, 17.5 16.78 16.64 16.58 
| 297.9 126.2 125.1 
Mol. wt. per P atom. 740-748 732 738 744 


* (a) Calculated for the formula (Formula Il), with eleven 
double bonds (five linoley! radicals and one oleyl), mol. wt. 2195; (4) formula (a) +1 
molecule of H.O; (¢) formula (a) + 2 molecules of ITO. 


larger complex originally present, whieh breaks down into Fractions A 
and B during saponification. Assumption (a) seems somewhat more 
plausible, especially since as much as 78 per cent of the total phosphorus 
can be isolated in the form of Fraction A. If (a) is correct, cardiolipin has 
the structure given in Formula II, with the hydroxy! groups esterified 
by linoleic and oleic acids. The formula contains six available hydroxyl 
groups, or two for every phosphorus atom, and it may be recalled that 
linoleic and oleic acids were found in a ratio of 5:1. Thus it ts at least a 
plausible assumption that cardiolipin represents a single compound of 
constant fatty acid composition, in contrast to the case of lecithin and the 
cephalins, which are mixtures of compounds of different fatty acids. 
Table IV presents a comparison of the analytical data obtained with 
the values calculated on the assumption that the structure of cardiolipin 
corresponds to Formula I. [t will be seen that the agreement is reason- 
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ably close, particularly if the further assumption is made that the molecule 
may be hydrated. | 

The identification of a glyceryl-glyeerophosphate ester as a component 
of natural products has apparently not been previously reported. On 
account of the lability of such esters to acid hydrolysis, they could not be 
isolated after cleavage of a phospholipide by the common method of beiling 
with hydrochloric or sulfurie acids. Reeent studies (13, 14) have demon- 
strated the occurrence of a variety of complex phospholipides in plant and 
animal sources, and other examples will doubtless be found. It would be 
interesting to know whether the glyceryl-glycerophosphate structure“occurs 
in other phospholipides than cardiolipin. 

Among previously known phospholipides the nearest analogy to cardio- 
lipin is the group of phosphatidic acids diseovered by Chibnall and Channon 
in plants (15, 16) and formulated by them as diglvceride phosphoric acids. 
Like cardiolipin, the phosphatidic acids oecur naturally in the form of 
salts, and it may be noted that the solubility of their salts as described by 
Chibnall and Channon is similar in general to that of the corresponding 
salts of cardiolipin. 


SUMMARY 


The products of alkaline hydrolysis of cardiolipin were identified as 
linoleic acid, oleic acid, and a polyester of glycerophosphoric acid and 
glycerol. A tentative formula is presented. Cardiolipin is best classified 
as a complex phosphatidic acid. 

Further work on the structure of cardiolipin is in progress. 
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THE ISOLATION OF THE 6-PYRIDONE OF. 
N?-METHYLNICOTINAMIDE FROM URINE 


By W. EUGENE KNOX anv WILLIAM I. GROSSMAN 


(From the Enzyme Laboratory, Department of Medicine, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, February 12, 1947) 


The 6-pyridone of N'-methylnicotinamide was first identified as the 
product of the oxidation in vitro of N'-methylnicotinamide by the quinine- 
oxidizing enzyme of rabbit liver. It was subsequently isolated from 
human urine after nicotinamide administration (1). The _ isolation, 
identification, and properties of this new derivative of nicotinamide are 
described in this paper. 

Enzymic Formation of the Pyridone—The product of N'-methylnicotin- 
amide oxidation was made by incubating N'-methylnicotinamide aerobi- 
cally with purified quinine-oxidizing enzyme prepared as previously de- 
scribed (2). An excess of enzyme (50 ml. containing 70 cinchonidine 
units per ml.) was used to oxidize 100 mg. of N’-methylnicotinamide 
chloride at pH 8.5 and 37°. The reaction was taken to completion by 
following the oxygen uptake of a pilot run. The characteristic absorption 
curve of the product, which can be observed in a metaphosphoric acid 
filtrate of the reaction mixture, was used to follow the compound through 
the isolation procedure. After the solution was deproteinized with 
metaphosphoric acid, it was neutralized, saturated with sodium carbonate, 
and then continuously extracted with isobutyl alcohol. The alcohol 
extract was dried with anhydrous calcium sulfate, evaporated, and the 
residue taken up in boiling acetone. Upon slow evaporation of the acetone 
solution, 30 mg. of reddish needles in rosettes separated. After three 
recrystallizations from acetone, nearly white crystals with a constant 
melting point of 212-214° were obtained. 

Analysis—C,H,O Ns. Calculated. C 55.24, H 5.31, N 18.42 

Found. ** 55.15, 5.31, 18.45 


The compound is readily soluble in water and alcohol, and nearly insoluble 
in less polar solvents. Both aqueous and alcoholic solutions have the 
same absorption curve, which changes little, if at all, throughout the pH 
range and which is identical with that seen in the deproteinized enzyme 
solutions (Fig. 1). 

Isolation of Pyridone from Urine—The method for isolating this com- 
pound from urine is based on the behavior of the enzymically prepared 
pyridone subjected to various fractionating procedures. The urine was 
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collected with acetic acid as preservative and kept refrigerated until used. 
It was decolorized by precipitation with 3 gm. of basic lead acetate per 
100 ml. at pH 10, filtered, adjusted to pH 2, and refiltered. Lloyd's 
reagent, 10 gm. per 100 ml., was then added and filtered off after 15 min- 
utes. The Lloyd’s reagent was washed with 0.01 n HCl, and then twice 
eluted with absolute ethyl alcohol. The alcohol eluate was evaporated, 
and the residue dissolved in a small volume of water. 

The aqueous solution was saturated with sodium carbonate and ex- 
tracted twice with equal volumes of isobutanol. The isobutanol solution 
was dried with calcium sulfate and then evaporated. The residue was 
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Fic. 1. Absorption curves of 6-pyridone of N'-methylnicotinamide (O) and of 
N!-methylnicotinamide chloride (@) in water at pH 7. 


repeatedly extracted with hot acetone. Crystals were obtained from the 
acetone solution after reducing its volume and allowing it to stand over- 
night in the cold. Additional crops were obtained by further evaporation. 
Upon recrystallization from acetone, or more conveniently from water, a 
low melting impurity is removed, and the resulting compound melted at 
211-214°. The mixed melting point with the enzymically prepared 
pyridone was unchanged, and the absorption curves of the compounds 
from both sources are identical. 

N'-Methylnicotinamide subjected to this isolation procedure was lost 
at the adsorption step, and no pyridone was formed in the procedure. 

Identification of the Pyridone—The quinine-oxidizing enzyme specifically 
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oxidizes, in the @ position, certain heterocyclic rings that contain an active 
a-hydrogen. The compound prepared by the action of the enzyme on 
N'-methylnicotinamide and also isolated from urine must consequently 
be one of the two a-pyridones of N'-methylnicotinamide. This formula- 
tion is consistent with the elementary analysis. 

It was possible to identify the compound isolated from both sources as 
the 6-pyridone of N’-methylnicotinamide by hydrolyzing it to the cor- 
responding acid, since both the 2- and the 6-pyridones of N-methyInicotinic 
acid are known and have widely different melting points. Hydrolysis of 
100.2 mg. of the pyridone from urine was carried out by refluxing in sodium 
methylate under nitrogen until the calculated amount of amide ammonia 
was freed (70 hours). The solution was acidified and evaporated to 
dryness and the product taken up in absolute ethyl] aleohol. After distilling 
the alcohol, the brown residue was dissolved in 6 ml. of boiling water. 
About 60 mg. of white needles crystallized out on cooling. These melted 
at 239-240° after two recrystallizations from water. 

Analysis—C;H;O;N. Caleulated. C 54.90, H 4.61, N 9.15 

Found. ** 34.80, 4.37, °° 9.36 

The 6-pyridone of N-methylnicotinic acid, synthesized from coumalic 
acid and methylamine (3), melted at 240-241° (m.p. 238-240° (4)), and 
the mixed melting point with the acid prepared by hydrolysis was 237-241°. 
The melting point of the other isomer, the 2-pyridone of N-methylnicotinic 
acid, is given as 183° (5). The acid from the hydrolysis was also con- 
verted to the methyl ester. This melted at 137°, in agreement with the 
melting point recorded for the ester of the 6-isomer (6). The pyridone 
isolated from the enzyme reaction and from urine is, therefore, the 6 
derivative (1-methyl-3-carboxylamide-6-pyridone). 

Relation of the Pyridone to Nicotinamide Assays—By the previous 
methods used to determine the derivatives of nicotinamide apparently 
little or none of this compound has been assayed. The pyridone cannot 
replace nicotinic acid in the bioassay with Lactobacillus arabinosus, nor 
coenzyme I for growth of Hemophilus parainfluenzae. It fluoresces only 
slightly under the conditions used for N'-methylnicotinamide analysis 
(7), and is eliminated by either the charcoal or the Decalso adsorption 
steps usually employed in this procedure. In addition, the pyridone 
forms no color in the general reaction for N-methylnicotinamide compounds 
developed by Sarett (8), nor in the cyanogen bromide reaction (9). New 
analytical procedures applicable to this compound will be published later. 


SUMMARY 


1. A new metabolite of nicotinamide, detected by study of the enzyme 
oxidizing N'-methylnicotinamide and subsequently isolated from urine, 
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has been identified as the 6-pyridone of N!-methylnicotinamide (1-methyl- 
3-carboxylamide-6-pyridone). 

2. Approximately 10 per cent of administered nicotinamide was isolated 
from human urine as the pyridone 

3. This compound has apparently not been estimated by previous 
methods for the determination of nicotinamide derivatives in urine. 


It is a pleasure to acknowledge the support of Dr. David E. Green during 
this investigation. The Lactobacillus aabinosus assay was kindly per- 
formed by Dr. Saul Rubin of Hoffmann-La Roche, Inc. Dr. Hattie 
Alexander furnished the Hemophilus parainfluenzae strain for the V factor 
assay. The elementary analyses were performed by Mr. William Saschek. 
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THE ACTION OF TYROSINASE ON CHYMOTRYPSIN, 
TRYPSIN, AND PEPSIN 


By PEHR EDMAN* 
(From The Rockefeller Institute for Medical Research, Princeton) 


(Received for publication, January 20, 1947) 


The action of the enzyme tyrosinase on proteins has recently been made 
the subject of a study by Sizer (1). He has claimed that among a variety 
of proteins tested those which contained tyrosine could be oxidized by 
tyrosinase either directly or after pretreatment with trypsm. The proteins 
most susceptible to the action of tyrosinase were said to be the proteolytic 
enzymes chymotrypsin, trypsin, and pepsin. Furthermore it was stated 
that the proteolytic activities of these enzymes were not decreased after 
the oxidation by tyrosinase of a certain part of the tyrosine residues, and 
the inference was drawn that the intactness of at least a part of the tyrosine 
residues was not essential for the action of the enzymes. This question 
has been reinvestigated in this laboratory as it seemed to us that for several 


-reasons the experimental conditions used by Sizer did not permit an une- 


quivocal interpretation. 


Methods and Results 


We have in our experiments tried to keep the experimental conditions as 
close as possible to those used by Sizer. 

The crystalline proteolytic enzymes were all prepared in this laboratory 
(2-4). Stock solutions of the enzymes were made up in dilute hydrochloric 
acid at pH 3 to 4 and at a concentration of 50 mg. per ml. calculated on dry 
substance. ‘The chymotrypsin and trypsin preparations contained about 
50 per cent magnesium sulfate. The protein concentration was calculated 
from the Kjeldahl nitrogen. 

The tyrosinase preparation used was prepared from common mushrooms! 
and had an activity of 500 Miller and Dawson catecholase units (5) and 
16 Adams and Nelson p-cresolase units per ml. (6). 

The oxygen uptake was followed in the Warburg apparatus at 37.0° 
and at a shaking rate of 120 complete oscillations per minute. All experi- 
ments were performed in the following way, with one exception stated 
below. To the reaction flask which had a volume of about 5 ml. were 
added 1.6 ml. of m/15 phosphate buffer, pH 7.3, 0.2 ml. of the neutralized 


* Fellow of the Medical Research Council of Sweden. 
1 Kindly supplied by Professor John M. Nelson of the Department of Chemistry, 
ia University, New York. 
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proteolytic enzyme solution, and 1 drop of toluene. Into the side arm was 
introduced 0.4 ml. ofthe tyrosinase solution, together with | drop of 
toluene. It was found necessary to let the vessels shake in the constant 
temperature bath for 2 to 3 hours in order to attain gas equilibrium, 
After that time the experiment was started by mixing the solutions. When, 
at the end of the experiment, the oxvgen uptake had ceased, tyrosine was 
added in order to test the activity of the tyrosinase. In all the experiments 
the tyrosinase was found still to be active. Controls were also run, 
differing only in that boiled tyrosinase solution was substituted for the 
active tyrosinase. 

In order to find the equivalency of tyrosine to oxygen in the oxidation 
by tyrosinase, runs have been made with various amounts of tyrosine 
oxidized by tyrosinase to completion. On the average | mg. of tyrosine 
took up 205 microliters of oxvgen. An equivalency of 3 atoms of oxygen 
per | mole of tyrosine would correspond to 186 microliters of oxygen. 

Non-protein tyrosine and tryptophane were determined in the tri- 
chloroacetic acid filtrate by the method of Folin and Ciocalteau with 
Anson’s modifications (7). These determinations were made both on the 
stock enzyme preparation prior to the incubation and on the control with 
boiled tyrosinase at the end of the experiment. ‘This figure cannot be 
compared directly with the tyrosine equivalent of the oxygen absorbed, 
since the former represents both tyrosine and tryptophane. 

The reactions were also followed by measurements of the proteolytic 
activity. In addition to the measurements of protease activity after 
incubation with boiled or active tyrosinase, the activity was also determined 
before incubation to determine the effect of the experimental conditions 
on the proteases. No difference in activity was ever observed between 
the samples incubated with active tyrosinase and those incubated with the 
inactive preparation. Chymotrypsin activity was determined by the 
milk clotting test in the same way as that described by Herriott for pepsin 
(8), trypsim activity by a new spectrophotometric method, worked out 
by Kunitz (9), and pepsin activity as described by Anson (7), with the 
modification that tyrosine and tryptophane were measured spectropho- 
tometrically. 

To make a comparison with Sizer’s results more convenient our results 
have been recalculated to a common basis of 25 mg. of protease preparation. 
This recalculation involves only the multiplication by the ratio of the 
amount of proteolytic enzyme preparation used by Sizer and that used 
by us. 

The results are presented in Table I and Fig. 1 but require some com- 
ments. 

In the case of chymotrypsin there was a slow uptake of oxygen which 
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Taste I 


Incubation of 25 Mg. of Chymotrypsin, Trypsin, and Pepsin Preparations at pH 7.3 
and with and without Tyrosinase 


_Non-protein tyrosine and | 
Total tryptophane in absence of Per cent 


Protease preparation | oxygen me. | 
| Initial Final | 
hrs microliters a 


* In the reaction time is included the equilibration time prior to the addition of 
the tyrosinase. 


yPSINI 
250+. 
N pEePsin I 
150 
100 
CHYMOTRYPSIN 
50 


Time in hours 


Fic. 1. Oxygen uptake catalyzed by tyrosinase of preparations of crystalline chy- 
motrypsin, trypsin, pepsin, and tyrosine. Each curve represents the oxygen uptake 
of 25 mg. of enzyme preparation in the presence of about 1 ml. of tyresinase solution. 
> tyrosine curve represents 2.5 mg. of tyrosine oxidized by 0.1 ml. of tyrosinase 
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ceased after about | hour. In the starting material there was present a 
small amount of non-protein tyrosine and tryptophane, which showed a 
slight increase during the experiment. No decrease could be observed in 
the proteolytic activity as compared with the starting material. 

The results with trypsin (Trypsin I, Table I and Fig. 1) were quite 
different. A considerable oxygen uptake was observed. There was also 
a formation of large amounts of non-protein tyrosine and tryptophane 
during the experiment. Further, no proteolytic activity was left after 
the 9 hours duration of the experiment. A certain amount of this non- 
protein tyrosine and tryptophane must have been formed during the 
equilibration time of 3 hours prior to the addition of the tyrosinase. In 
order to escape this preliminary decomposition of trypsin the experiment 
was modified in that, during the equilibration time, the acidified trypsin 
solution was kept in the side arm instead of the tyrosinase solution. As 
may be seen (Trypsin II, Fig. 1) the initial rate of oxygen uptake was 
markedly slower in this case. 

The pepsin preparation also took up large amounts of oxygen when 
treated with tyrosinase (Pepsin I, Table I and Fig. 1). ‘The starting 
material contained considerable amounts of non-protein tyrosine and 
tryptophane. No proteolytic activity was left at the end of the experi- 
ment. It was found, however, that this loss in activity occurred almost 
instantaneously after the neutralization of the acidified stock solution of 
pepsin. This was to be expected, since swine pepsin is known to be 
rapidly destroyed under the conditions of the experiment (10). 

Denaturated pepsin was prepared from native pepsin by adjusting the 
pH of its solution to 7.3. The denaturated pepsin was then freed from 
the main part of the contaminating non-protein tyrosine by reprecipitating 
the protein several times at pH 4, at which the denaturated protein has a 
minimum of solubility. This preparation was then subjected to the 
treatment with tyrosinase. As may be seen (Pepsin II, Table I and Fig. 1), 
the preparation had then lost by far most of its ability to be oxidized by 
tyrosinase. In spite of the purification the denaturated pepsin still con- 


-tained a small amount of non-protein tyrosine and tryptophane and an 


additional small amount was formed during the incubation. 


DISCUSSION 


From the results obtained certain facts appear, many of which have 
been known for a long time. In the first place it is shown that all the 
enzyme preparations tested contain a greater or lesser amount of protein 
split-products. This is generally the case when no special precautions are 
taken tq avoid it. It is also demonstrated in the case of pepsin that when 
the main part of the non-protein tyrosine is removed the capacity of the 
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enzyme preparation to be oxidized by tyrosinase is also mainly lost. 
Consequently the inference must be drawn that the main substrate for 
the tyrosinase is the protein split-products present. Actually we have 
not been able to obtain unequivocal evidence of the action of tyrosinase 
on any of the proteases investigated. 

In the case of trypsin the situation is more complicated in that this 
enzyme is unstable at pH 7.3 (11) and is rapidly autolyzed during the 
incubation, with the formation of non-protein tyrosine. When, however, 
trypsin is incubated for several hours at pH 7.3 prior to the addition of 
tyrosinase, the initial rate of oxidation by tyrosinase is much faster, which 
also strongly indicates that it is the split-products containing tyrosine 
which are oxidized. 

The behavior of chymotrypsin is not in conflict with the explanation 
proposed. The small oxygen uptake might well be explained by amounts 
of non-protein tyrosine present. 

It has been claimed by Sizer that the proteolytic activities of trypsin 
and pepsin were not decreased during the incubation with tyrosinase at 
pH 7.3. This statement seems difficult to reconcile with the well estab- 
lished fact that crystalline trypsin is very unstable at this pH in the absence 
of its substrate (11). Further, it has been known for a long time that 
pepsin is irreversibly, completely, and almost instantaneously inactivated 
at a neutral reaction (10, 12, 13). These circumstances were confirmed 
in our experiments in which we found a complete loss in proteolytic activity 
of these enzymes after the incubation. The main cause of these divergent 
results must be that Sizer in his activity measurements used only the 
enzyme solutions incubated with inactive tyrosinase as controls, whereas 
we in addition used the original, untreated enzyme solution for the same 
purpose. The enzyme solutions incubated with boiled tyrosinase, how- 
ever, are insufficient controls, as they have undergone a profound decom- 
position which is quite independent of the presence or absence of tyrosinase. 


SUMMARY 


The action of tyrosinase on chymotrypsin, trypsin, and pepsin has been 
studied. The start of the reaction depends on the purity of the protease 
preparation used. Preparations which contain non-protein tyrosine 
absorb considerable quantities of oxygen, whereas in those which have been 
freed from most of the non-protein tyrosine there is much less reaction. 
Some decomposition occurs during the course of the reaction itself, 
especially in the case of trypsin; so that it is difficult to say with certainty 
that no reaction occurs with the protein, although such a reaction seems 
unlikely. 

Pepsin is instantly inactivated at the pH of the reaction mixture; so 
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that no conclusion as to the effect of tyrosinase on the activity of this 
enzyme is possible. 


The author wants to thank Dr. J. H. Northrop for suggesting this work 
and for many helpful discussions. 
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A NEW SYNTHESIS OF DJENKOLIC ACID 


By MARVIN D. ARMSTRONG ano VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, February 12, 1947) 


Several years ago considerable interest was aroused by the discovery 
by van Veen and Hyman (1) of a new naturally occurring sulfur-containing 
amino acid which they had isolated from the djenkol bean (Pithecolobium 
lobatum) and named djenkolic acid. They showed that it was probably 
the cysteine thioacetal of formaldehyde. This structure was confirmed 
by du Vigneaud and Patterson (2) who synthesized the l-cysteine thioacetal 
of formaldehyde by the condensation of methylene chloride with 2 moles 
of l-cysteine in liquid ammonia and showed their synthetic compound to 
be identical with the naturally occurring djenkolic acid. 

Van Veen and Hyman suggested that the natural synthesis of djenkolic 
acid in the plant might occur by a condensation of formaldehyde and 
cysteine. Such thioacetals were apparently not formed by condensation 
of these compounds under conditions studied at that time or later by 
various workers (3-6). Whenever aldehydes or ketones were caused to- 
react with cysteine, the product was either an addition compound (I) or 
a thiazolidinecarboxylic acid (II). 


On R S——CH, 
R—C—S—CH,—CH— COOH 
R’ NH—CH—COOH 
(1) (1) 


A further study of the reaction of aldehydes and ketones with cysteine 
has led us to the synthesis of djenkolic acid by the direct combination of 
2 moles of cysteine and 1 mole of formaldehyde in a strongly acid solution. 
This condensation is best effected by adding 1 mole of formaldehyde (40 
per cent formalin) to a concentrated solution of 2 moles of cysteine in 
7 N hydrochloric acid at room temperature. The reaction proceeds with 
moderate speed at room temperature but may be hastened by warming 
the reaction mixture to 70°. The identity of the product with djenkolic 
acid was shown by a comparison of its physical and chemical properties 
and those of three of its derivatives with samples made from synthetic 
djenkolic acid prepared by the method of du Vigneaud and Patterson (2). 

Schubert (3) studied the reaction of formaldehyde and cysteine in a 
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buffered solution and found that 4-thiazolidinecarboxylic acid was formed, 
and Ratner and Clarke (4) measured the rate of its formation in solutions 
with a pH between 1.5 and 12, finding that the rate was measurable up 
to pH 5; at a higher pH than this, the reaction proceeded too fast to be 
measurable. In the present study it was found that the formation of 
djenkolic acid proceeded to a negligible amount in acid less concentrated 
than 5 N. 

Ratner and Clarke showed that in the formation of the thiasolidine- 
carboxylic acid the reaction proceeded by an initial reaction of formalde- 
hyde with the sulfhydryl group of cysteine, followed by elimination of 
water with ring closure to give 4-thiazolidinecarboxylic acid. In the 
present study, it has been found that the addition of 1 mole of formaldehyde 
to 1 mole of cysteine in 6 N HCl likewise results mainly in the formation 
of 4-thiazolidinecarboxylic acid. In the presence of an excess of cysteine, 
djenkolic acid is mainly formed. Preliminary experiments have indicated 
that the thiazolidine formation in the absence of an excess of cysteine 
takes place at a much slower rate than the formation of djenkolic acid 
in the presence of an excess of cysteine. The formation of djenkolic 
acid may proceed stepwise with an initial rapid addition of cysteine to 
formaldehyde to give a hemithioacetal, followed by a slower addition of 
a 2nd molecule to form djenkolic acid. 


HCl HCl 


HCl 


HCl 
COOH 
NH—CH—COOH 
SCH;CHCOOH 
NH;-HCl 
EXPERIMENTAL 


Preparation of Djenkolic Acid—To a solution of 10.0 gm. of l-cysteine 
hydrochloride in 20 cc. of 6 N HCl were added 2.6 cc. of 40 per cent formalin. 
The resulting solution was warmed to 70° and allowed to cool to room 
temperature and stand overnight. It was then neutralized by the addition 
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of 6 N NaOH solution and the precipitated djenkolic acid was collected 
and washed with water. This material, after standing in a sodium cyanide 
solution, gave a faint positive test for the sulfhydryl group when treated 
with sodium nitroprusside. To remove the small amount of cystine 
contamination, the moist acid was suspended in 100 cc. of water and 
concentrated ammonium hydroxide was added dropwise until all of the 
material dissolved; 1.5 gm. of sodium cvanide were added and the resulting 
solution was allowed to stand at room temperature for 30 minutes. It 
was then made neutral to litmus by the addition of glacial acetic acid 
(hood) and the precipitated acid was collected and washed twice with 
water. It was recrystallized by suspending it in 100 cc. of water, heating 
to boiling, and adding 6 n HCI dropwise until the material just dissolved. 
The hot solution was filtered and then carefully neutralized by the addition 
of 6 N NaOH with vigorous stirring at the boiling point. The suspension 
was cooled and filtered, and the product was washed three times with 
water and dried in vacuo at 95°. The yield was 5.5 gm. (68 per cent of the 
theoretical amount) of a product which gave a negative test for the sulfhy- 
dryl and disulfide groups and for the chloride ion. The compound did not 
exhibit a definite melting point but gradually decomposed from 300-350° ; 
[a] 5 = —65.0° fora 1 per cent solution in 1 N HCl; [a]® = —47.5° for a 
2 per cent solution in 1 per cent HCI. 

The solubilities, crystal form, decomposition point, and rotations of 
this product agree within experimental error with the corresponding 
properties of a sample of known djenkolic acid prepared by condensing 
methylene chloride and l-cysteine in liquid ammonia. 


Cy as. Calculated. C 33.06, Hf 5.55, N 11.02, S 25.21 
254.3 Found. 33.38, 5.58, 11.10, ** 25.43 


Monohydrochloride of Djenkolic Acid—The monohydrochloride was 
prepared by dissolving djenkolic acid in hot 1 per cent HCl and cooling 
the solution; it crystallized in slender prisms tending to form radiating 
clusters. After three recrystallizations from 1 per cent HCl, the product 
was dried in vacuo over phosphoric anhydride; m p. 250-300° (with de- 
composition ).’ 

Calculated. Cl 12.19, 22.05 
290.8 Found. 12.35, 22.50 


Dibenzoyldjenkolic Acid—This derivative was prepared according to the 
directions of du Vigneaud and Patterson (2), recrystallized four times 
from 50 per cent methanol, and dried at 70° in vacuo over phosphoric 
anhydride. ‘The sample melted to a milky liquid at 87.5-89° (capillary); 


* All melting points are corrected micro melting points, unless otherwise specified. 
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a sample of the dibenzoyl derivative prepared from authentic djenkolie 
acid exhibited the same behavior and admixture of the two samples caused 
no depression in the melting point. 

Ca Calculated. N 6.06, 8 13.56 

462.5 Found. “ 6.12, “ 13.94 


I 
Effect of Concentration of Acid upon Yield of Djenkolic Acid 


HCl Djenkolic acid | Yield 
| per cont 
0.5 0 
0 0 
2 17 4 
3 OH 17 
4 71 Is 
5 166 42 
6 250) 63 
7 273 69 
S 200) 66 

1! 200) 66 
Taste Il 
Rate of Formation of Djenkolic Acid 
Time Djenkolic acid | Yield 
Ars. me. per ceni 
0.17 Trace + 
0.35 3 l 
0.50 16 6 
1.5 50 18 
2.0 O4 23 
2.5 SS 32 
3 99 36 
6 119 43 
24 186 67 
4s 182 66 


Dihydantoin of Djenkolic Acid—This derivative was prepared according 
to the directions of van Veen and Hyman (1). It melted at 201-204", 
and no depression in melting point was observed when it was mixed with a 
sample prepared from authentic djenkolic acid. 

Effect of Concentration of Acid upon Yield of Djenkolic Acid—To solutions 
of 0.5 gm. of l-cysteine hydrochloride in 1.0 cc. of HCI of the normality 
specified in Table I was added 0.14 cc. of 40 per cent formalin. The 
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solutions were heated to 70° and allowed to cool to room temperature 
and stand overnight. They were then neutralized by the addition of 
6 x NaOH. All samples were made up to the same volume and 
the djenkolic acid was collected, washed, and dried in vacuo. 

Rate of Condensation of Formaldehyde and Cysteine in 6 .N Acid. 2 Moles 
of Cysteine and I Mole of Formaldehyde—A solution of 5.0 gm. of l-cysteine 
hydrochloride in 10.0 ce. of 6 N HCl was prepared, 1.4 cc. of formalin 
were added, and the volume was made up to 15.0 ce. with 6 N acid. 1 ee. 
aliquots were removed at intervals, neutralized with 6 N NaOH, and the 
precipitated djenkolic acid was collected, washed, and dried. The results 
are shown in Table II. 

1 Mole of Cysteine and 1 Mole of Formaldehyde—To a solution of 1.0 gm. 
of l-cysteine hydrochloride in 2 ec. of 6 N HCI was added 0.56 ec. of formalin. 
The solution became hot spontaneously and was then allowed to cool to 
room temperature and stand overnight, whereupon a considerable amount 
of crystalline 4-thiazolidinecarboxylic acid hydrochloride separated. The 
mixture was cooled in an ice bath and the product was collected on a 
sintered glass filter, washed with cold 6 N HCl, and dried in vacuo. A 
yield of 0.75 gm. (70 per cent of the theoretical amount) was obtained; 
[a}° = —78.5° for a 1 per cent solution in 1 N HCl. An additional 
amount could be obtained by concentrating the mother liquors. A small 
amount of the hydrochloride was dissolved in water, the solution was 
made neutral by the addition of 1 Nn NaOH, and the precipitated 
4-thiazolidinecarboxylic acid was collected and recrystallized from a 
small amount of water. The melting point was 201-205° (with decomposi- 
tion); no depression was observed in the melting point of a mixture of 
this compound with an authentic sample of 4-thiazolidinecarboxylic acid 
prepared according to the method of Schubert (3). 


The authors wish to thank Dr. Julian R. Rachele and Miss Josephine 
Tietzman of this laboratory for the microanalyses. 


SUMMARY 


Djenkolic acid has been prepared by the direct combination of 1 mole 
of formaldehyde with 2 moles of l-cysteine in a strongly acid solution. 
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THE DEPOSITION AND ANTIOXYGENIC BEHAVIOR OF 
a-, B-, AND y-TOCOPHEROLS IN RAT FATS* 


By W. 0. LUNDBERG, RICHARD H. BARNES,t MARION CLAUSEN, 
NORMA LARSON, ann GEORGE O. BURR 


(From the Department of Physiological Chemistry and the Hormel Institute, 
University of Minnesota, Minneapolis and Austin) 


(Received for publication, November 9, 1416) 


It has been shown previously that tocopherols obtained from the diet are 
the only true inhibitors of autoxidation that occur normally in the rendered 
abdominal fats of rats (1). By eliminating tocopherols from the diet, it is 
possible to produce rats whose fats, when rendered, are essentially free of 
primary antioxidants and show a very low stability. A quantitative tech- 
nique based on these observations and on oxygen absorption measurements 
on the rendered fats at 100° was devised and used in studying the deposition 
and storage of a-tocopherol in adipose tissues (2). It was shown that, as 
storage sites of a-tocopherol, the fat depots have an even greater capacity 
than the liver, whose importance in this rdle has been reported by other 
investigators (3, 4). 

There have been apparent differences between the observations of vari- 
ous investigators on the relationships between the tocopherol contents of 
various tissues and organs, probably as a result of differences in various 
experimental factors. Because of these differences it appears to be particu- 
larly desirable (a) to obtain data concerning the deposition of tocopherols 
in various tissues with the tocopherols individually and (b) to obtain such 
data at various known intakes of tocopherol. 

In the present study, therefore, the same experimental technique de- 
scribed earlier (2) was used to obtain data concerning the relative amounts 
of synthetic a-, 8-, and y-tocopherol stored in the abdominal fat tissues 
exclusive of the mesentery in the rat under various conditions. Data were 
also obtained, with an analytical technique based on micro measurements 
of peroxides rather than oxygen absorption measurements, which qualita- 
tively compare the depositions of synthetic and natural a- and y-tocopherols 
in abdominal, skin, and ham fats. 


* Aided by grants from the Hormel Research Foundation, the National Dairy 
Council, and the Graduate School of the University of Minnesota. 
t Present address, Sharp and Dohme, Inc., Philadelphia, Pennsylvania. 
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Deposition of Synthetic a-, 8-, and y-Tocopherols in Abdominal Fats' 


Experimental-—Details of the methods used in producing vitamin E-defi- 
cient rats, the diets, the rendering of the abdominal fats, and the measure- 
ments of oxygen absorption were described in previous papers (1, 2). 

Repeated experiments showed that the iodine numbers of the fats from 
different rats in each complete study varied only slightly. The effects of the 
minor differences in composition on the relative autoxidation characteristies 
of different samples of the same tissue fat, therefore, have been ignored in 
all that follows. 

Chemical assays by a modification of the Furter-Meyer method (5) 
showed the a-tocopherol to be 90 per cent pure and the y-tocopherol to be 
53 per cent pure. No direct analysis of the 8-tocopherol was attempted, 
but its purity was reported to be approximately 90 per cent. In the ab- 
sence of a chemical analysis such as was made for the a- and y-tocopherols, 
few quantitative interpretations of the data for 8-tocopherol will be made. 
The data are included because quantitative interpretations may be made at 
some future time when accurate antioxygenic indexes for the pure tocopher- 
ols in rat fat become available. With the aid of such indexes, an indication 
of the purity of the 8-tocopherol may be obtained from the data in Fig. 1. 

Relative Antioxygenic Activities of Synthetic a-, 8-, and y-Tocopherols— 
Solutions of the three tocopherols at various concentrations in vitamin E- 
free rat fat were prepared. Arbitrarily defined induction periods were 
measured in a Warburg oxygen absorption apparatus at 100°, with 0.4 ml. 
samples of fat in 70 ml. flasks. The data have been plotted in Fig. 1. 
Each point represents the average of at least three oxygen absorption 
measurements. In the case of the samples containing a- and 8-tocopherols, 
there was a period of very low oxygen uptake, followed by a sudden and 
sharp increase in the rate of absorption. The major part of the sudden 
increase occurred within an interval of 10 minutes, which was the time 
interval between manometer readings. The induction period, therefore, 
could be conveniently defined by the mid-point in the interval during which 
the sudden increase took place. In the case of y-tocopherol, however, the 
increase in absorption was not so abrupt and it was necessary to use a still 


more arbitrary method in defining the induction period. For this purpose, + 


it was convenient to select that point at which the rate of fall in oxygen 
pressure in the flasks became the equivalent of 1 mm. height of manometer 
fluid (butyl phthalate) per minute. 

Probably the less abrupt termination of the induction period in the case 


of y-tocopherol is attributable to some characteristic of the mechanism of — 


1 The synthetic 8- and y-tocopherols were generously supplied by Merck and Com- 
pany, Inc., through the courtesy of Dr. D. F. Robertson. The synthetic a-tocopherol 
used was also a Merck product. 
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antioxidation peculiar to y-tocopherol. Golumbic (6) has attributed the 
gradual increase in the rate of oxidation of vegetable oils to the successive 
actions of two antioxidants, tocopherol and chroman-5,6-quinone. Swift 
et al. (7) have shown that chroman-5 ,6-quinone is produced from y-toco- 
pherol in the autoxidation of fats and that, although the antioxygenic 
activity of the quinone is generally slight, nevertheless it does exert a 
definite antioxygenic effect in animal fats. 

A second explanation of the more gradual increase in the oxygen uptake 
with y-tocopherol could be based on the presence of antioxygenic impurities 
in the synthetic y-tocopherol. This explanation is made improbable by 
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Fig. 1. Induction periods of vitamin E-free abdominal fats to which various con- 
centrations of tocopherols have been added. 


the observation that the rendered fat from vitamin E-deficient rats which 
had been fed y-tocopherol behaves in identically the same manner. Hanson 
etal. (8) have shown that of a group of seven antioxidants, which included 
a- and y-tocopherols, only the tocopherols were deposited in the abdominal 
fats. It is not likely that the y-tocopherol and the impurities associated 
with it would be deposited in unchanged proportions in the fat tissues. 
From Fig. 1, it is seen that at low concentration the induction periods are 
almost straight line functions of the concentration. The ratios of the anti- 


oxygenic potencies of these samples of a-, 8-, and y-tocopherols were about 
3:4:5. 
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Relative Amounts of Tocopherols Deposited in Abdominal Fat Tissues— 
Individual solutions of the three tocopherols in the ethy] esters of lard acids 
were made, containing 25 and 50 mg. of tocopherol per ml. The six solu- 
tions so prepared were fed by stomach tube in single | ml. doses to vitamin 
I--deficient rats. Groups of two to four rats were sacrificed at various in- 
tervals thereafter. Column 5 in Table I lists the induction periods of the 
rendered abdominal fats obtained under the various experimental conditions 
given in Columns | to 4. Column 6 indicates the equivalent tocopherol 
concentrations as obtained from the reference curves in Fig. 1, based on 


Tarte I 
Relative Amounts of Tocopherols Deposited in Abdominal Fat Tissues 


; Time between Induction Tax 
| | | 
me. days 
a- w aso 
M. 30) 33 
25 214 21 
M. 2 20 
10 308 23 
15 40 32 
25 ISS 14 
M. 2 3.5 
Mixed 13s 6.5 
| M. 3.5 
5D | 29 7.0 
25 F. s 115 5.0 
25 91 4.0 
Controls 0 - 10 <2 (a-) 
M. 10 


the assumption that the tocopherols were 100 per cent pure. Actually, 
since the curves in Fig. 1 are approximately straight lines in the regions con- 
cerned, and since at, the lower concentrations the amounts of tocopherol de- 
posited are (very roughly) proportional to the amounts fed, the figures given 
in Column 6 are roughly the same as those that would have been obtained if 
tocopherols of 100 per cent purity had been fed in the amounts indicated in 
Column 2. This statement is, of course, based on the assumption that the 
impurities in the samples of tocopherols were relatively inert biologically 
and as antioxidants, in so far as these results are concerned. 

The conversion of the induction periods in Column 5 to the equivalent 
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tocopherol concentrations in Column 6 was shown to be justified in an 
earlier paper in this series on the basis that the tocopherol concentrations so 
obtained agreed very well with the values that were obtained by direct 
chemical analysis with the analytical method devised by Chipault et al. 
(5). 

It was previously reported that a maximum concentration of a-tocoph- 
erol in the abdominal fat depots occurred approximately 7 to 10 days after 
feeding a single 50 mg. dose (2). Table I suggests that the synthetic 
3-tocopherol, whether fed in 25 or 50 mg. doses, required a somewhat longer 
time to reach a maximum deposition in the abdominal fats. The data for 
y-tocopherol on this point are inconclusive. Of the two doses fed in each 
case, the larger dose led to the deposition of a greater concentration in the 
fats. 

When the tocopherols are fed in equal doses, the results indicate that 
y-tocopherol, in spite of its greater antioxidant activity, produces a less 
stable fat than either a- or 3-tocopherols. Similar observations on the 
relative behaviors of a- and y-tocopherols were reported in a previous study 
(8). With these stabilities converted into tocopherol concentrations, it is 
found that a- and 8-tocopherols are deposited in significantly greater 


amounts than y-tocopherol. 


Deposition of Synthetic and Natural a- and y-Tocopherols in Abdominal, 
Skin, and Ham Fats* 


Experimental—On the basis of the previous results, it was felt desirable 
to compare the behavior of synthetic and natural tocopherols and to extend 
the studies to fats other than the abdominal fats. In these experiments, 
four groups of three vitamin E-deficient rats were fed 25 mg. doses of syn- 
thetic and natural a- and y-tocopherols by stomach tube. The dosages 
were dissolved in 1 ml. of fresh lard, and control animals were given 1 ml. 
of fresh lard containing no added tocopherols. After 10 days the rats 
were sacrificed and the abdominal fats removed and rendered. 0.1 gm. 
portions of cach sample were weighed into a series of small glass vessels, 
10 mm. in diameter and 8 mm. deep. The vessels were then stored in an 
oven at 63°. From time to time a vessel was removed and an analysis of 
the peroxide value of the contents made. 

The fat in skin and muscle tissue was also studied. -The skin and hams 
were stored at 63° and at intervals a portion of tissue was removed and 
ground with sand in a mortar. The fat was then extracted with chloro- 
form. After the chloroform solution had been filtered, evaporated to dry- 


* The samples of pure natural tocopherols were kindly supplied by the Distillation 
Products, Inc., and the synthetic tocopherols were obtained from Merck and Com- 
pany. Inc. 
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ness on a water bath, and weighed, the peroxide value was measured in the 
same manner as in the abdominal fat.’ 

A micromethod was applied in determining the peroxide values. The 
0.1 gm. samples of fat were dissolved in 2.5 ml. of 3:2 mixture of acetic 
acid and chloroform in a 50 ml. Erlenmeyer flask; 0.05 ml. of a saturated 
aqueous solution of KI was added, followed after 1 minute by 5 ml. of 
distilled water. The samples were titrated with 0.01 ‘ sodium thiosulfate, 
with a 5 ml. micro burette graduated in divisions of 0.01 ml. The results 
by this method checked very closely with those obtained by the maero- 
method of Wheeler (9), as modified by Lea (10). , 

Anwiorygenic Activities of Synthetic and Natural a- and y-Tocopherols 
upon Direct Addition and after Feeding —Vig. 2 gives the peroxide accumula- 
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Fic. 2. Peroxide accumulation in samples obtained by adding tocopherols to vita- _ 


min E-free fat (2 y per gm.). 


tion curves for the vitamin E-free abdominal fats to which direct addition 
of 2 y per gm. of the various samples of tocopherol had been made. It 


is notable in Fig. 2 that synthetic y-tocopherol stabilized the fat toa — 
lesser extent than either the synthetic or natural a-tocopherol, unlike the | 


earlier results of the oxygen absorption measurements. The differences 
at this low concentration are approximately the same in magnitude as the 


_ limits of experimental error of the data in Fig. 1 at tocopherol concentra- 


tions of 2 y per gm. However, it is believed that the differences are not | 


due entirely to experimental error, but are partly attributable to the con- 
siderable differences in the two methods of measurement. Other instances 


* We are indebted to Dr. H. C. Black for suggestions on the preparation of tissue 
fat samples. 
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have been observed in this laboratory and elsewhere, in comparing two 
antioxidants of similar antioxygenic potencies, where the more potent 
antioxidant by one method of measurement was the less potent by the other 
method. Another possible factor that should be pointed out is that the 
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Fic. 3. Peroxide accumulation in rendered abdominal fats from rats sacrificed 10 
days after feeding a 25 mg. dose of tocopherol. 
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Fig. 4. Peroxide accumulation in fat in skin 


synthetic tocopherols used in this case were not the same samples as were 
used in the earlier studies. 

In Figs. 3to5, the peroxide values of the various samples of fats from ani- 
_ ‘mals that had been fed tocopherols are plotted against time. In none of 
these cases was there any sudden and sharp increase in the rate of peroxide 
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accumulation during the course of the oxidation as there was in the rate of 
oxygen absorption in the earlier samples that contained a-and 3-tocopherols, 
Nevertheless, the data concerning the accumulation of peroxides yield 
smooth curves, which are sufficiently accurate to make semiquantitative 
comparisons possible. The induction periods, for purpose of comparison, 
are arbitrarily defined as the length of time required for the accumulation 
of 20 mm of peroxide per kilo. These induction periods may not be com- 
pared with those previously obtained by oxygen absorption measurements, 
since the conditions used in the two types of measurements are greatly 
different. 

Since Fig. 2 contains data for only one concentration of added tocopherol, 
it is not possible to make any quantitative estimates of the amounts of 
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Fic. 5. Peroxide accumulation in fat in hams 


tocopherol represented in the curves in Figs. 3 to 5. Certain qualitative 


comparisons may be made, however. 


In the samples of vitamin E-free fats to which the tocopherols were added — 


directly, and in the samples of abdominal depot fats, the natural tocopherols 
gave slightly longer induction periods than the corresponding synthetic 
tocopherols. This could be due to such possible causes as differences in the 
antioxygenic indexes of the natural and synthetic tocopherols, differences 
in their efficiency of absorption and deposition, and differences in purity. 
In any case the differences are not large, and the results indicate that 
natural and synthetic tocopherols are much alike in their antioxygeni¢ 
activities and in the amounts deposited in the abdominal fats. In the case 
of skin and ham fats the differences between synthetic and natural toco 
pherols are still less marked. 
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In all cases in Figs. 3 and 5, induction periods of the fats from animals 
that had been fed a-tocopherol were greater than the induction periods 
of those animals that had been fed y-tocopherol. y-Tocopherol is appar- 
ently deposited to a considerably lesser extent than a-tocopherol in ham 
fats as well as in the abdominal fats. In skin fats, the different forms of 
tocopherol were much alike in the magnitude of their stabilizing effects. 

The natural tocopherols used in this study were more than 90 per cent 
pure; the synthetic tocopherols were somewhat less pure, but, as before, 
the conclusions drawn regarding the relative amounts of tocopherol de- 
posited are valid if one may assume that the impurities in the synthetic 
tocopherols do not exert any appreciable antioxygenic or prooxygenic 
effects. 


DISCUSSION 


It is of interest to compare the fat stability data in Column 5 of Table I 
with the relative biological potencies of the tocopherols, as reported by 
various investigators. WKarrer et al. (11), Mason (12), and Joffe and Harris 
(13) all report that the biopotency of 3-tocopherol is one-half or less of 
that of a-tocopherol. Assuming that the synthetic a- and 8-tocopherols 
were of the same degree of purity, the stabilizing effects of equal doses of 
the two tocopherols on the abdominal fats were roughly equal 8 and 15 
days after feeding. It should be pointed out that these amounts of toco- 
pherol are far in excess of the median fertility doses. The comparison is 
therefore based upon the assumption that the same relative stabiliz- 
ing effects will be obtained on feeding much lower doses. This assump- 
tion is supported by a comparison of the effects of 25 and 50 mg. doses in 
Table I. 

The relative biopotency of y- compared with a-tocopherol is given var- 
iously as one-third to one-fifth by Karrer et al. (11), as one-fourth by Mason 
(12), and as one-twelfth by Joffe and Harris (13). The 25 mg. dose of 
y-tocopherol is not far in excess of the median fertility dose. There appears 
to be no direct connection between the relative induction periods and any 
of the above figures for the relative biopotencies. 

The amounts of the various tocopherols deposited in the fat depots, re- 
corded in Column 6, are roughly proportional to the biopotencies, particu- 
larly to those given by Karrer et al., although the relative biopotencies ob- 
tained by Joffe and Harris, who used highly purified natural tocopherols, 
are probably the more accurate. The data for the natural tocopherols, 
in Figs. 2to 5, are not sufficiently quantitative to make possible any esti- 
mates of the actual amounts of tocopherol deposited, but nevertheless 
permit the conclusion that the deposition of the natural tocopherols ap- 
proximately parallels the deposition of the synthetic tocopherols. It ap- 
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pears likely that there is no simple direct relationship between the bio- 
potencies of the tocopherols and their antioxygenic properties in rendered 
animal fats. The data indicate that there may be a relationship between 
the biopotencies and the amounts deposited in fatty tissues. 


SUMMARY 


The amounts of synthetic a-, 8-, and y-tocopherols deposited in abdominal 
fats have been compared by means of measurements of the autoxidative 
behavior of the rendered fats. Even when allowing for possible differences 
in the degree of purity of the samples, it was found that synthetic y-to- 
copherol was deposited in much smaller amounts than either the synthetic 
a- or 8-tocopherol, the amounts of the latter two being more nearly alike. 
As with the a-tocopherol, the 8- and y-tocopherols appeared not to reach 
their maximum depositions until 7 or more days after feeding, and possibly 
not until 15 days in the case of the 3-tocopherol. 

In the oxygen absorption measurements at 100°, samples of abdominal fat 
containing y-tocopherol showed a more gradual increase in the rate of 
oxygen uptake at the end of the induction period than did samples con- 
taining a- and 8-tocopherols. This behavior appears to be an inherent 
property of y-tocopherol, possibly being attributable to the development 
of an oxidation product which is in itself somewhat antioxygenic. 

Further comparisons were made of the deposition of synthetic and natural 
a- and y-tocopherols in abdominal, skin, and ham fats, based on studies 
of the peroxide accumulation in these fats at 63°, with a micromethod for 
the determination of peroxides. It was found that a-tocopherol was de- 
posited to a greater extent than y-tocopherol in all cases, except in the case 
of skin fat. The evidence, although not conclusive, indicates that the 
natural forms of these tocopherols were not greatly different from the syn- 
thetic, either in their antioxygenic characteristics or in the amounts de- 


posited in fatty tissues. 


The results indicate that the biopotencies of tocopherols are not directly — 


related to their effects upon the autoxidation characteristics of the ren- 
dered fats in which they are deposited by feeding. The results suggest 
that a relationship may exist between the biopotencies and the relative 
amounts of tocopherols deposited in various body fats or other tissues. 
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LETTERS TO THE EDITORS 


STREPTOMYCIN B, AN ANTIBIOTICALLY ACTIVE CON- 
STITUENT OF STREPTOMYCIN CONCENTRATES . 
Sirs: 

We have isolated from streptomycin concentrates the crystalline rein- 
eckate of an antibiotically active base, which in view of its close similarity 
to streptomycin, has been designated as streptomycin B. 

The application of the chromatographic method in the purification of 
streptomycin according to Carter et al.’ yields in addition to active frac- 
tions of high streptomycin content a number of less active, more firmly 
adsorbed fractions, ranging in potency from 150 to 200 units per mg. The 
presence in such fractions of a substance other than streptomycin, capable 
of forming maltol in alkaline medium, was inferred from the following 
observations: (1) These fractions on treatment with alkali yielded 2 to 3 
times the quantity of maltol expected from their biological potency. (2) 
The application to such fractions of the Craig counter-current distribution 
technique, as adapted to streptomycin in this laboratory,’ afforded dis- 
tribution curves which demonstrated clearly that “streptomycin B” was 
the major maltol-forming component present. 

The isolation of streptomycin B in pure form was accomplished by frac- 
tional crystallization of the reineckates obtained from the above chromato- 
graphic fractions. This procedure effected the removal of streptomycin 
and other contaminants by two or three crystallizations, while fractional 
crystallization of the helianthate did not lead to a streptomycin-free 
product. The reineckate of streptomycin B crytallizes in large, thin plates, 
which contain water of crystallization (8.10 per cent). Its distribution 
curve’ is in good agreement with the theoretical curve for K = 0.44. The 
anhydrous substance melts at 178-179° (decomposition, corrected ) and 
shows the following analytical figures: C 26.89, 27.21, H 4.24, 4.53, N 20.1, 
8 22.22, Cr 8.70, 9.25. Its activity in broth test against K. pneumoniae® 
is about 100 streptomycin units per mg. The hydrochloride of strepto- 


‘Carter, H. E., Clark, R. K., Jr., Dickman, 58. R., Loo, Y. H., Skell, P. S., and 
Strong, W. A., /. Biol Chem., 160, 337 (1945). 

* Titus, E., and Fried, J., J. Biol. Chem., 168, 393 (1947). 

* Donovick, R., Hamre, D., Kavanagh, F., and Rake, G., J. Bact., 60, 623 (1945). 
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mycin B was obtained as a white, amorphous powder by decomposition of 
the reineckate with silver sulfate and back titration with barium chloride. 
The vacuum-dried substance decomposes at 179-182° (corrected) and 
shows the following analysis: C 35.75, H 6.22, N 10.9, Cl 12.4. It may 
be noted that while the absolute values for nitrogen and chlorine are approx- 
imately 20 per cent lower than the corresponding values for streptomycin 
trihydrochloride the atomic ratio N:Cl is close to 7:3 as in streptomycin. 
[a]? = —47°, (c, 1.35 in water). The titraticn curve of the hydrochloride 
shows the presence of a weakly basic group (pKa’, 7.6; equivalent weight, 
780). Its antibiotic activity against A. pneumoniae is 190 units per mg.; 
that is, about one-fourth of the activity of streptomycin trihydrochloride. 
In preliminary measurements‘ it was found that from 4 to 8 times more 
streptomycin B than streptomycin was required to inhibit four other test 
organisms. 

Streptomycin B is inactivated by carbony] reagents at room temperature. 
On catalytic hydrogenation it absorbs approximately 1 mole of hydrogen 
and forms dihydrostreptomycin B, which is inert to carbonyl reagents and 
fails to form maltol in alkaline solution. The hydrogenation does not 
cause any loss of activity. Treatment of streptomycin B and its dihydro 
derivative with dilute acids liberates streptidine (or possibly an isomer 
thereof) isolated as the sulfate monohydrate. Analysis: calculated for 
C 25.40, H 5.86, N 22.20, 8 8.46; found, C 25.42, 
H_ 5.73, N 22.14, S 8.33. The presence of the maltol-forming moiety, 
streptose, and of a hexosamine moiety in streptomycin B appears probable 
from the above data. 


Divisions of Organic Chemistry and Pharmacology Joser Friep 
The Squibb Institute for Medical Research ELwoop Titus 
New Brunswick 
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THE USE OF “COUNTER-CURRENT DISTRIBUTION” FOR 
THE ANALYSIS OF STREPTOMYCIN PREPARATIONS 


Sirs: 


Examination of streptomycin preparations for homogeneity by the Craig 
technique of counter-current distribution’ indicates the existence of other 
active structurally related substances. 

To prepare the two liquid phases required for distribution, p-toluenesul- 
fonie acid was made up to 5 gm. per 100 ce. in water previously saturated 


TUBE NUMBER 


Fie. 1, Distribution curves of, Curve A, a purified preparation of streptomycin; 
Curve B, a crude streptomycin concentrate; Curve C, streptomycin B reineckate. 
D indicates the change in optical density at 325 my of a solution heated for 10 minutes 
at pH 12. 


with butanol. This solution was shaken with an equal volume of butanol 
previously saturated with water. The partition coefficient of streptomycin 
between the resulting two layers remained at unity for concentrations rang- 
ing from 100 to over 5000 units per cc. This assures agreement between 


the experimental curves for pure preparations and those calculated from 
theory. 


1 Craig, L. C., J. Biol. Chem., 155, 519 (1944). Craig, L. C., Golumbic, C., Mighton, 
H., and Titus, E., J. Biol. Chem., 161, 321 (1945). 
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Streptomycin concentrations were measured in the lower laver by the 
spectrophotc metric determination of the maltcl produced by a 10 minute 
heating at 100° and pH. 12. After each twenty-four plate distribution with 
8 cc. layers, 80 per cent of the streptomycin was Cisplaced to the lower 
phase by shaking the contents of each tube with 4 ec. of benzene. The 
concentrations in the lower lavers were then plotted as ordinates against 
tube numbers. 

Curve A of Fig. 1 illustrates the result with a purified preparation of 
streptomycin. The distribution of a cruder streptomycin (Curve B) re- 
vealed fractions occurring in Tubes 5 to 9 and 16 to 22 whose positive 
Sakaguchi reactions and maltol production indicate their relation to strep- 
tomycin. Of these, the former has been isolated,’ and the distribution of 
a sample of its reineckate plotted as Curve C. The second substance is 


under investigation. 


Divisions of Pharmacology and Organic Chemistry EL.woop Titvs 
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* Schenck, J. R., and Spielman, M. A., J. Am. Chem. Soc., 67, 2276 (1945). 
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TYROSINE OXIDATION BY LIVERS FROM RATS WITH 
A SULFASUXIDINE-INDUCED PTEROYLGLUTAMIC 
ACID DEFICIENCY 
Sirs: 

Evidence that tyrosine metabolism is altered in pernicious anemia,! 
and that a pteroyigiatamie acid deficiency exists in this disease ,? suggested 
an investigation to determine whether pteroylglutamie acid (PGA) per se 
influenced the oxidation of tyrosine. 

PGA deficiency was produced in rats by placing them on a purified diet 
containing sulfasuxidine until leucopenia developed.* Livers from the 
PGA-deficient rats were compared to livers from normal animals as to 
their effect on tyrosine oxidation in the Warburg apparatus. Livers from 
three to five animals were pooled and homogenized in a Waring blendor 
for 20 seconds, with M/15 phosphate buffer, pH 7.5, to give a concentration 
of 0.25 gm. of wet weight per ml. The oxidation of 0.5 mg. of l-tyrosine 
by 2 ml. of the suspensions was determined over a 2 hour period. A typical 
experiment is shown in Table I. Average values of three flasks are given. 

Addition of sulfasuxidine to normal liver suspension caused only a negli- 
gible inhibition of oxygen uptake compared with that of the PGA-deficient 
liver. 

In other experiments 10 y of crystalline PGA were added to flasks con- 
taining liver suspensions from PGA-deficient rats and the effect on the 
oxidation of tyrosine was determined (Table I1). 

Under these conditions all experiments showed decreased oxidation of 
tyrosine by livers from PGA-deficient rats, and a restoration of oxidation 
on addition of PGA. 

Experiments were also carried out with 24 hour-aged suspensions in which 
the level of oxygen uptake was constant. For a period of an hour the 
oxygen uptake was determined; tyrosine was then added and the oxygen 
uptake was measured over a 2 hour period. Here again, livers from PGA- 
deficient rats showed a decreased oxidation of tyrosine as compared to 
livers from normal rats in eight of eleven experimental groups. In five 
of seven experimental groups the rate of tyrosine oxidation by livers from 
PGA-deficient rats was increased by the addition of PGA. 


'Swendseid, M. E., Burton, I. F., and Bethell, F. H., Proc. Soc. Exp. Biol. and 
Med., 53, 202 (1943). 

* Moore, C. V., Bierbaum, O., Welch, A. D., and Wright, L. D., J. Lab. and 
Clin. Med., 30, 1056 (1945). 

* Daft, F. S., and Sebrell, W. H., Pub. Health Rep., U.S. P. H. S., 68, 1942 (1943). 
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TaBLe 
Contents of flask O, used SO; 
Liver suspension from normal rats 189.7 | 
PGA-deficient rats 176.2 
+ tyrosine. 203.1 | 26.9 
TaB_Le II 
Contents of flask O, used | SO, 
microliters microliters 
Liver suspension from PGA-deficient rats. 142.7 | 
167.5 24.8 
Liver suspension from PGA-deficient rats 
Liver suspension from PGA-deficient rats 
+PGA + tyrosine ........ 182.8 45.9 


From these results it is indicated that pteroylglutamic acid influences 


tyrosine oxidation. 


Research Laboratories 
Parke, Davis and Company 
Detroit 
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SYNTHESIS OF HIPPURIC ACID IN LIVER HOMOGENATE* 


Sirs: 


The synthesis of hippuric acid from benzoic acid and glycine resembles in 
several respects the synthesis of a peptide bond. A CONH grop is formed, 
it is a to a carboxyl group, and the free energy of its formation is of the 
same order of magnitude. The synthesis was demonstrated in liver and 
kidney slices of a number of animals; it is inhibited by 0.001 a KCN, which 
is in accord with the view that the necessary free energy is derived from an 
oxidation.! 

It has not been possible with tissue slices to elucidate further the energy- 
coupling reaction. The cell walls evidently retarded or blocked entry into 
the cells of possible free energy donors. Consequently we have sought 
experimental conditions which permit the reaction to proceed in tissue 
extracts in which the cells were disrupted. 

We have now obtained synthesis of hippuric acid from benzoic acid and 
glycine in homogenized guinea pig liver suspended in a phosphate-saline 
solution. ‘To obtain more than traces of synthesis it was necessary to 
homogenize the liver in the presence of the substrate, i.¢. of benzoic acid 
and glycine. The yield of hippuric acid was nearly doubled when acenylic 
acid and a-ketoglutaric acid were added. Evidently the oxidation of the 
latter substance provided ATP? which in turn furnished the free energy for 
the synthesis. This surmise is based on experiments on the methylation 
of guanidoacetic acid by methionine, a reaction which requires ATP.* 

The reaction mixture contained in 500 ml. 10 gm. of homogenized guinea 
pig liver, 0.02 m glycine, 0.01 m benzoic acid, 0.001 m adenylic acid, and 
0.01 mM a-ketoglutaric acid in a phosphate-saline solution.£ The reaction 
was carried out under oxygen at 38°. The same results were obtained at 
pH 7.0 and 7.5. Hippuric acid was determined by isolation and identified 
by crystal form, melting point, and elementary analysis. 

Some characteristic findings appear in the table. 

Thermodynamic data give the equilibrium constant for the hydrolysis 
of hippuric acid under our experimental conditions as 211;' accordingly the 
amount of hippuric acid to be expected from 0.02 m glycine and 0.01 m 
benzoic acid by mass action alone is 0.026 mg. ‘The isolation of 30 mg. 


* Carried out under Contract N6-ORI-102, Task Order No. 2, United States 
Navy Department. 

! Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 182, 307 (1940). 

* Ochoa, S., J. Biol. Chem., 155, 87 (1944). 

* These findings will be reported shortly. 

* Cohen, P. P., and Hayano, M., J. Biol. Chem., 166, 251 (1946). 
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Hippuric acid isolated 


me. 
Liver alone 0 
** homogenized first and complete reaction mixture 0-3 
added subsequently 
Liver homogenized with benzoic acid and glycine 17 
“  glyeine, adenylic 0 
acid, and a-ketoglutaric acid, 0 time 
30 


Liver homogenized with benzoic acid, glycine, adenylic 
acid, and a-ketoglutaric acid, 4 hrs. incubation 


indicates that the synthesis had occurred through coupling with an energy- 
yielding reaction, presumably ATP. Under our experimental conditions 
the isolation is not quantitative; at least 10 mg. are not recovered. 

Experiments on the methylation of guanidoacetic acid indicated that 
guinea pig liver homogenate provides some ATP. This probably accounts 
for the yield of 17 mg. of hippuric acid when no adenylic acid and a-keto- 
glutaric acid were added to the reaction mixture. 


William G. Kerckhoff Laboratories of the Biological Sciences Henry Borsoox 
California Institute of Technology Jacos W. Dusnorr 
Pasadena 
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INHIBITION OF OXIDATION OF SUCCINIC ACID BY 
STRUCTURALLY RELATED SULFONIC ACIDS 
Sirs: 

In their original work on the inhibition of the succinoxidase system by 
structural analogues of succinie acid, Quastel and Wooldridge’ have sug-. 
gested that the formation of an enzyme-inhibitor complex requires the 
presente of a —-C-—-CH-—-COOH group “associated possibly with another 
carboxyl group.” It has been pointed out by Potter and Elvehjem? that 
the —CH- group is not essential since oxalic acid also possesses inhibitory 
properties. It has seemed of interest, therefore, to determine whether the 
carboxyl groups also can be replaced, e.g. by sulfonates, particularly since 
these groups compete in the formation of complexes with serum albumin? 
as well as in certain metabolic reactions in bacterial systems. 

Investigations have been carried out, therefore, on the inhibition of the 
succinoxidase system by 8-sulfopropionic acid, 
and by 1,2-ethanedisulfonie acid, HO;S—-CH.—CH,—SO3H. The pro- 
cedure was essentially the same as that of Potter and Flvehjem.2-5 The 
results are summarized in the table. 


Oxygen Uptake (Microliters per Hour) of Rat Liver Homogenates 


The main compartments of Warburg flasks contained 0.4 ml. of buffered rat 
liver homogenate, 0.1 ml. of m/15 phosphate buffer (pH 7.4), varying amounts of 
inhibitor (in the form of its sodium salt), and sufficient water to make 2 ml. The 
side arms contained 0.1 ml. of sodium succinate, 0.25 ml. of buffer, and 0.65 ml. of 
water. The center cups contained 0.2 ml. of 20 per cent KOH. The final concen- 
tration of the succinate was 0.02 M. 


Inhibitor | None | 0.0033 | 0.0067 | 0.0133 | 0.020 
ackd.........| 208 | 150 140 95 73 
8-Sulfopropionic acid __... 127 | 106 3 62 40 


From the results obtained it is evident that these sulfonic acids produce 
pronounced inhibitions of the suecinoxidase system. In fact, the inhibitory 
activity is almost as great as that of malonic acid. Apparently the sul- 
fonate ion is capable of forming an enzyme complex of almost the same 


1 Quastel, J. H., and Wooldridge, W. R., Biochem. J., 22, 689 (1928). 
? Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 117, 341 (1937). 
* Klotz, 1. M., J. Am. Chem. Soc., 68, 2299 (1946). 

*McElvain, H., Brit. J. Exp. Path., 21, 136 (1940); 22, 148 (1941). 

* Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 
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strength as that with malonate. Approximately equal affinities have been 
observed also in binding by serum albumin.?® 

Quantitative kinetic measurements are in progress to determine whether 
the inhibition is truly of the competitive type. 

The authors wish to express their appreciation to Professor M. §, 
Kharasch of the University of Chicago and to Professor 5. M. McElvain 
of the University of Wisconsin for furnishing the 8-sulfopropionic acid 
and 1 ,2-ethanedisulfonic acid, respectively. 

This investigation was aided in part by a grant from the Office of 


Naval Research. 

Department of Chemistry I. M. Kuorz 
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STREPTOMYCIN. THE LINKAGE BETWEEN 
STREPTIDINE AND STREPTOBIOSAMINE 
Sirs: 

Recent investigations conducted in several different laboratories have 
shown that streptomycin is composed of a base, streptidine, linked gly- 
cosidically to a  nitrogen-containing disaccharide, streptobiosamine. 
Streptidine has been shown to be one of the eight meso forms of 1 ,3- 
diguanido-2 ,4,5,6-tetrahydroxycyclohexane. Streptobiosamine is com- 
posed of N-methyl-t-glucosamine and streptose. In the streptomycin 
molecule streptidine is linked to the Ist carbon atom of streptose but the 
point of attachment of streptobiosamine to streptidine (2, 4 (6), or 5) 
remains to be elucidated. 


NH CH NH 


NH,—-C— N—CH! 
| 
HO—CH* ‘CH—OH(R) 


OH(R) 


Results obtained in a study of the periodate oxidation of streptidine 
and of streptomycin have furnished information on this point. Streptidine 
consumed 2 moles of periodate,” During the course of the reaction the 
positive Sakaguchi test (due to the guanidine groups in streptidine) dis- 
appeared and a positive Pauly test appeared. The latter presumably is 
due to an imidazole derivative formed by ring closure of the guanido- 
glutaraldehyde resulting from periodate oxidation of streptidine (1-guanido- 
2,3-dihydroxypropane behaved similarly). In marked contrast to these 
results, streptomycin solutions after treatment with an excess of periodate 
at pH 5 to 6 for 72 hours gave a positive Sakaguchi test and a negative 
Pauly test. 

From tke streptomy singeatedate oxidation mixture was isolated a 
degradation product (1) which decomposes at 265°, has a rotation of +74°, 
and is extremely labile toward acids. Acid treatment of I yields 
streptidine, glyoxal, and an unidentified acid. 

It is apparent, therefore, that streptobiosamine is attached to streptidine 
in such a position as to interfere with oxidation of the streptidine ring by 
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periodate. Linkage at position 5 satisfies this condition, since it climinates 
the 1,2-glycol grouping needed for periodate action. Position 2 can be 
climinated as a possibility. Position 4 cannot be entirely disregarded 
since in one instance (1,2,3,4-tetraacetvlinositol) a | ,2-glyvcol is reported 


to be resistant to periodate oxidation.' 


This work is being continued, but the data already available strongly 
indicate that in the streptomycin molecule streptobiosamine is attached to 


streptidine at carbon 5. 


Division of Biochemistry 
Noyes Laboratory of Chemistry 
University of Illinois 


Urbana 
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THE ENZYMIC SYNTHESIS OF GLUTAMINE* 
Sirs: 

An investigation of the enzymic synthesis of glutamine was undertaken 
as a step toward the study of the synthesis of peptide bonds. From the 
results of Krebs and coworkers,' it seemed likely that the coupling of 
glutamate and ammonia is achieved with energy derived from adenosine 
triphosphate, and the present work supports this view. 

Glutamine is formed rapidly from glutamate and ammonia by isotonic 
Waring blendor dispersions of fresh pigeon liver. The greatest activity 


Glutamine Synthesis in Pigeon Liver Extracts 


The enzyme was prepared by extracting 2 gm. of pigeon liver acetone powder with 
18 ml. of 0.15 NaCl, 0.02 NaHCO,, 0.001 cysteine, and dialyzing 16 hours against 
the same medium at 0°, with internal and external mixing. The samples contained 
0.03 wm NallCO,, 0.003 MgSO,, 0.04 sodium /(+)-glutamate, NH,Cl or neutralized 
NH,OH-HC1, 0.0045 mM adenosine triphosphate, 0.01 m cysteine, and 0.15 ml. of ex- 
tract, in a volume of 1.0 ml. Gas 5 per cent CO,)-95 per cent N:; temperature 38°; 
time 10 minutes. Hydroxamiec acid is expressed in terms of a standard prepared 
from succinic anhydride. 


With 0.01 « NHCI 
System 
Inorganic 
Amide formed phosphate 
micromoles micromoles 
Without adenosine triphosphate.......... 0.08 
0.80 1.34 0.97 
0.86 1.28 0.68 


was found in systems which contained, in addition to the two substrates, 
oxygen in the gas phase, cytochrome c, diphosphopyridine nucleotide, 
oxalacetate or citrate, phosphate, potassium, and magnesium. No ac- 
celeration by adenosine triphosphate was observed. 


* This work was supported by a grant from the Committee on Growth of the 
American Cancer Society, and in part by the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 

‘Krebs, H. A., Biochem. J., 29, 1951 (1935). Orstrém, A., Orstrém, M., Krebs, 
H. A., and Eggleston, L. V., Biochem. J., 38, 995 (1939). 
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A clearer picture of the synthesis of glutamine was obtained by using 
extracts of acetone-dried pigeon liver as the source of the enzyme system, 
Glutamine is formed when glutamate, ammonia, adenosine triphosphate, 
and magnesium ions are added to such an extract. The reaction is more 
rapid under nitrogen than in air and is accelerated by the addition @ 
cysteine. Liberation of inorganic phosphate from adenosine triphosphate 
occurs at a rate paralleling the rate of glutamine synthesis. Both glutaming 
formation and liberation of inorganic phosphate are inhibited by fluoride 
in low concentrations. Hydroxylamine at levels of 0.01 to 0.3 Mm may be 
substituted for ammonia, and the product of the reaction can be determined 
as hydroxamic acid by the method of Lipmann and Tuttle.” Data from 
a typical experiment are given in the accompanying table. 

These results suggest that a reaction occurs between glutamate, ammonig 
(or hydroxylamine), and adenosine triphosphate, to form the amide, 
inorganic phosphate, and adenosine diphosphate or monophosphate. 
The enzyme system appears also to include Mg** as a cofactor and te 
involve proteins requiring sulfhydry] groups for full activity. The system 
for glutamine synthesis is quite similar to those involved in the acetylatios 
of choline® and of sulfanilamide.‘ 

Department of Biochemistry Joun F. Specs 


University of Chicago 
Chicago 
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? Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 159, 21 (1945). 

* Nachmansohn, D., and Machado, A. L., J. Neurophysiol., 6, 397 (1943). Naeb- 
mansohn, D., and John, H. M., J. Biol. Chem., 158, 157 (1945). 

‘Lippmann, F., J. Biol. Chem., 160, 173 (1945). 
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ENDOCRINE REGULATION OF AMINO ACID LEVELS 
IN BLOOD AND TISSUES 


By FELIX FRIEDBERG ann DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California 
Medical School, Berkeley) 


(Received for publication, December 23, 1946) 


Evidence has accumulated which indicates that hormones play an 
important role in protein metabolism. For example, according to the 
current concept growth hormone stimulates protein anabolism (1) and 
adrenal cortical extract increases glucose neogenesis at the expense of 
protein (2). Various investigators have tried to relate changes in the 
free amino acid of the blood to the endocrine regulation of protein metab- 
olism. The reports of previous workers have not been in complete 
agreement, probably because of differences in analytical methods employed, 
variations in endocrine extract, dosage, the route of administration, and 
time relationships. 

According to the majority of papers, insulin causes a lowering of the 
amino acid level (3-5), and Greene’s claim (6) that insulin had no effect 
has not been supported. Okada (7) reported that epinephrine does not 
change the amino acid concentration of rabbit blood. Luck and coworkers, 
however, state that epinephrine alone is as effective as insulin in producing 
hypoaminoacidemia (8, 9), while still another group of investigators found 
an increase (10). A drop in the plasma amino acid level was shown to oecur 
with hypophysectemv and with thyroidectomy (11),, but Okada (7), 
who could not obtain any change whén epinephrine was given, also claims 
that neither the removal of the thyroid gland nor hyperthyroidism influ- 
ences the amino nitrogen content of blood. Investigations of the action 
of thiouracil treatment, adrenalectomy, estrogen administration, and pro- 
longed adrenocortical steroid injections have been neglected. 

The present project was started to clarify earlier work on the influence 
of endocrines on amino acid metabolism and was extended to include not 
only plasma, but also liver, kidney, and skeletal muscle. The gasometric 
ninhydrin reaction (12) was chosen in preference to the colorimetric 
procedure (13), the gasometric nitrous acid method (14), and the formal- 
dehyde titration (15) because of its specificity for free amino acids. 


EXPERIMENTAL 


The animals were anesthetized with nembutal. Blood was drawn from 
the heart, heparin being used as anticoagulant. 2 ml. of plasma were 
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treated with 10 ml. of 1 per cent picric acid and analyzed for amino acids 
by the ninhydrin-carbon dioxide method of Hamilton and Van Slyke (12). 
About 1 gm. of tissue, previously frozen in dry ice and acetone, was ground 
with powdered glass and then extracted with two 10 ml. portions of 1 per 
cent picric acid. After centrifugation and filtration, 5 ml. of the filtrate 
were analyzed in the same manner as the plasma filtrates. If necessary, 
the tissue can be stored after lyophilization to a dry powder. The powder 
is extracted in a Waring blendor and the analysis is the same as for frozen 
tissue; however, the weight of the water removed must be recorded. 
Hypothyroidism—This condition was caused by adding 0.2 per cent 
thiouracil (deracil, Lederle Laboratories, Inc.) to the diet for 6 weeks. 
At sacrifice the rats were examined for enlargement of the thyroid. 
Thyroidectomy—A period of 6 weeks elapsed after the operation. 
Hyperthyroidism—This condition was produced by feeding 1 per cent 
thyroid powder (Armour Laboratories) in the diet for 3 weeks. Only 
animals that lost weight during the treatment were used. 
Adrenalectomy— During the postoperative period, 1 per cent sodium 
chloride was administered in order to sustain life and prevent hemocon- 
centration. 10 days after the operation the food was removed, the salt 
water was replaced by ordinary water, and, as soon as adrenal crisis set 
in (muscular weakness, etc.), the animal was sacrificed. 
Lipo-Adrenal Corter Extract—Three injections of 2 ml. of lipo-adrenal 
cortex! (80 rat units) at 2 day intervals were administered subcutaneously. 
Epinephrine—1.5 mg. per kilo of body weight were given subcutaneously 
to rats fasted 12 hours. The animals were sacrificed after 1 hour. 
Insulin—20 units per kilo of body weight were injected subcutaneously 
into rats fasted {2 hours. The animals were sacrificed after 3 hours. 
Hormone Treatment—Estrogen, 500 rat units (progynon-B),*? was admin- 
istered subcutaneously each 3 days for 4 weeks. 
Hypophysectomy—The animals were hypophysectomized when 40 days 
old and sacrificed 18 days later. Only animals that showed a definite loss 


in weight were used. 
Non-Protein Diet—The diet consisted of 54.7 per cent sucrose, 25 per 


' cent starch, 15 per cent Crisco, 5.3 per cent salts, and vitamins. The 


rats on this regimen were fed for 8 weeks, when they had lost about one- 
third of their weight. 

In all experiments, normal male rats weighing between 100 and 200 gm. 
were used. They were fasted 12 hours before sacrifice. 

The data obtained are given in Table I. 


‘Generously donated by The Upjohn Company through the kindness of Dr. 


D. J. Ingle. 
?Generously donated by the Schering Corporation through the kindness of 
Dr. W. H. Stoner, Medical Director. 
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DISCUSSION 


Analysis of amino acid levels is made possible by the constancy of the 
normal concentration in blood and tissues. Each tissue has its own char- 
acteristic value, which is about 3 to 9 times that of blood. It is not known 
how the amino acids are concentrated by the tissues. Our values for 
rat liver are slightly lower and the values for skeletal muscle are less than 


TaBLe | 
Free Amino Acid Levels in Blood and Tissues 


Amino nitrogen 
Treatment 
Plasma ; Liver Kidney Skeletal muscle 
meg. per 100 mi. mg. per 100 gm. me. per 100 gm. mg. per 100 gm. 
Normal (7) 6.4 40.1 | (7) 32.1 41.7 (7) 44.04 1.7] (7) 19.24 1.4 
Thiouracil | (5) 5.2 + 0.2 | (5) 32.3 4 1.5) (5) 42.6 4 1.0] (5) 0440.9 
<0.01* >0.05 >0.05 >0.05 
Thyroid - 7) 5.02 0.3 | (7) 33.0 + 1.6) (7) 40.2 + 0.9} (7) 20.1 41.3 
ectomy <0.01 >0.05 <0.05 >0.05 
Thyroxine (4) 9.0 + 0.6) (4) 44.0 + 3.6 | (4) 42.3 + 2.1 | (4) 28.1 + 3.3 
<0.01 <0.01 >0.05 <0.01 
Adrenalec- (6) 5.2 + 0.2) (5) 31.0 4 2.2 (5) 44.6 + 2.8} (5) 27.0 4 1.8 
tomy <0.01 >0.05 >0.05 <0.01 
Adrenal (5) 7.924 0.6) (5) 41.5 1.7 | (5) 45.7 + 3.6) (5) 24.4 + 1.0 
cortex <0.01 <0.01 >0.05 <0.02 
Epineph- (4) 4.56 40.4 | (4) 35.7 + 1.4) (4) 33.1 + 3.3 | (4) 20.7 + 1.7 
rine <0.01 >0.05 <0.01 >0.05 
Insulin (5) 452+0.6 (5) 80+ 1.3) (5) 34.54 (5) 18.5 + 1.5 
<0.01 >0.05 | <0.01 >0.05 
Estrogen (6) 5.224 0.4 (©) 31.44 1.3 (©) 39.0 + 1.2) (6) 22.5 + 1.7 
<0.02 ~  >0.05 <0.02 >0.05 
Hypophy- (6) 5.7 40.2 (6) 29.2 + 1.8 | (6) 31.9 + 1.7 | (6) 200.7 + 1.5 
sectomy <0.01 >0.05 | <0.01 >0.05 
Non-pro- (4) 10.8 + 0.6 (4) 53.4 + 2.6 (4) 49.4 + 3.1) (4) 22.1 + 2.5 
tein diet <0.01 <0.01 >0.05 >0.05 


The figures in parentheses represent the number of animals. 


The values represent the arithmetic mean plus or minus the standard error of 
the mean. 
* Probability (if P values are 0.05 and less the result is significant); Fisher (16). 


half of those given by Luck (17). The amino acid levels obtained on dogs 
by Hamilton (18), using the ninhydrin reaction, show great variations. 
Hence, they cannot readily be compared, but they are lower than those 
found by Van Slyke (19) with the nitrous acid method. The highest 
amino acid concentrations were observed by us in the kidney and the 
lowest in the skeletal muscle (Tables I and II). The most constant 
concentration was found in blood plasmas. 
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Every hormone so far tested affects the amino acids of blood and tissues, 
The metabolism of carbohydrate, protein, and fat is interrelated. The 
action of hormones on the amino acids is probably indirect and due to 
primary changes of other metabolites. In addition there may be tropic 
effects between different endocrines. Insulin, epinephrine, estrogen, hypo- 
physectomy, thiouracil treatment, and thyroidectomy, decrease the blood 
amino acid concentration; thyroxine, lipo-adrenal cortex extract, and also 
protein starvation increase it. In the kidney, insulin, epinephrine, estrogen, 


andhypophysectomy produce a significant fall. Thyroxine, lipo-adrenal cor- 


tex extract, and protein starvation elevate the liver amino acid level. Thy- 
roxine and lipo-adrenal cortex extract also bring about an increase of the 
free amino acids in muscle. Adrenalectomy results in hypoaminoacidemia 
but simultaneously causes a rise in the free amino acid level of muscle. 


Taste Il 
Free Amino Acid Levels for Few Normal Tissues 
Tissue | Amino nitrogen per 100 gm. Pr 

(2) 26.7 + 0.9 


The figures in parentheses represent the number of animals. 
The values represent the arithmetic mean plus or minus the standard error of 


the mean. 
* Amino nitrogen per 100 ml. of lymph obtained by pooling. 


It is known that muscular wasting occurs in adrenal insufficiency which 
may be overcome by epinephrine injections (20). 

The changes in amino acids are most definite in the blood and are less 
marked in the tissues. A lowered level will show up more readily in kidney 
than in liver, while an increased level can be detected better in liver than 
in kidney. 

Interpretation of the amino acid changes should be delayed until more 
direct evidence on their metabolism is at hand. A decreased amino acid 
level could mean (1) decreased proteolysis of tissue proteins, (2) increased 
utilization of amino acids for protein synthesis, glycogenesis, lipogenesis, and 
energy production, or (3) increased elimination. 

In animals on a non-protein diet, the plasma amino acid level is approxi- 
mately doubled, the liver level is raised considerably, while the muscle and 
kidney values increase only slightly. This is in contrast to the findings 
of Goettsch et al. (21) who state: “It was rather a surprise to find that the 
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value of plasma amino acid during fasting was maintained at a normal 
level in spite of the severe degree of muscle wasting which occurred as 
hypoproteinemia progressed.” Endocrine disturbances often result in 
weight changes, which in turn might affect the amino acid levels. 


SUMMARY 


Insulin, epinephrine, estrogen, hypophysectomy, thiouracil treatment, 
and thyroidectomy decrease the blood amino acid concentration; thyroxine, 
lipo-adrenal cortex extract, and also protein starvation increase it. 

Adrenalectomy results in hypoaminoacidemia but simultaneously causes 
a rise in the free amino acid level of muscle. 

In the kidney, insulin, epinephrine, estrogen, and hypophysectomy 
produce a significant fall. Thyroxine, lipo-adrenal cortex extract, and 
protein starvation elevate the liver amino acid level. Thyroxine and lipo- 
adrenal cortex extract also bring about an increase of the free amino acids 
in muscle. 

The amino acid concentration is highest in kidney and brain and decreases 
in other tissues in the following order, spleen, liver, testis, muscle. 
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PARTITION OF INTRAVENOUSLY ADMINISTERED AMINO 
ACIDS IN BLOOD AND TISSUES 


By FELIX FRIEDBERG anno DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California 
Medical School, Berkeley) 


(Received for publication, February 5, 1947) 


The increasing use of protein hydrolysates in clinical medicine has 
aroused renewed interest in the utilization and fate of parenterally admin- 
istered amino acids and amino acid mixtures in the body. The levels of 
the amino acids of the tissues are from 3 to 9 times greater than in the 
blood plasma. How the tissues maintain their concentration differential 
is not understood. The concentrations of the amino acids of the blood 
plasma and tissues are extremely constant normally and are but little 
affected by physiological changes or most pathological conditions. 

The present investigation was undertaken to determine whether all 
amino acids are concentrated to the same degree in representative tissues 
of the body when introduced into the animal in relatively large amounts 
by intravenous injection. 

The tests were carried out with solutions containing equivalent amounts 
of amino nitrogen of a protein hydrolysate (parenamine, Stearns), and the 
amino acids glycine, l-alanine, l-glutamic acid, /-histidine, and /-lysine. 


EXPERIMENTAL 


The chemical methods for most of the amino acids are not of sufficient 
specificity, accuracy, or simplicity to be employed in following changes in 
the concentrations of these substances in blood plasma and tissues. The 
gasometric ninhydrin reaction (1) is an analytical method for determining 
all amino acids, but changes in the level of an individual amino acid may 
be assayed by this reaction if a large dose is injected and the subsequent 
rise in amino nitrogen is significant enough to be attributed to the amino 
acid in question. This procedure was employed in our work. The 
determinations were carried out on plasma and tissues as described in 
another publication (2). 

For administration, the amino acids were dissolved in 10 ml. of 0.9 
per cent sodium chloride and the solution was adjusted to pH 7.4 with 
sodium bicarbonate. Doses of 0.16 gm. of amino nitrogen per kilo of 
body weight were injected by way of the jugular vein. Male rats weighing 
between 100 and 200 gm., which had been fasted for 12 hours, were used. 
The animals were sacrificed 15 minutes after the injection; blood plasma 
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and the desired tissues were collected and picric acid filtrates prepared for 
analysis of the amino acids (2). The analytical data obtained are recorded 


in Table I. 


Tasie I 


Free Amino Acid Levels in Plasma and Tissues 15 Minutes after Intravenous 
Administration of Amino Acids* 


adminis- Amino N per 100 gm. fresh weight 
Substance Plasma _ tered amino 
administered amino N N removed | 
Liver Kidney Brain 
per 100 mi. me. me. me. me. 
Normal 6.4 + 0.1 32.1 + 1.7) 44.6 1.719.2  1.443.1 + 1.8 
values | 
Protein 29.4 + 1.487 + 0.861.7 + 4.7, 81.1  3.734.1 + 4.543.9 + 1.5 
hydroly- 
sate} 
Glvcine 29.7 + 2.5.87 + 1.6,74.4 + 8.3) 76.8 + 2,635.2 + 3.542.4 + 1.6 
l-Glutamate 43.6 + 6.280 + 3.339.6 + 3.2 8.3 + 2.928.8 + 0.742.1 4 1.5 
(mono- 
sodium) 
l-Histidine (26.6 + 3.589 + 1.9530.7 + 4.7) 70.2 + 2.529.1 + 2.943.2 + 3.1 
(monohy- | 
drochlo- 
ride) a 
l-Lysine (di- |28.5 + 3.088 + 1.462.4 + 2.9100.6 + 6.532.7 + 2.943.0 + 1.3 
hydrochlo- 
ride) 
l-Alanine 25.1 + 2.2.90 + 0.9. 76.6 + 4.6 62.22 4.19.7 + 0.941.9 + 1.2 


* The data represent the arithmetic mean plus or minus the standard error of 
the mean of groups of four animals in each series except for the normal values, which 


are for seven animals. 
t Calculated on the assumption that the blood is 8.5 per cent of the body weight 


and that the normal! plasma amino acid level is 6.0 mg. of amino nitrogen per 100 ml. 
tGenerously donated by Frederick Stearns and Company through the kindness of 
Dr. M. Sahyun. 


DISCUSSION 


The amino ac'ds were found to be removed from the b ood plasma to the 
extent of 80 to 90 per cent with.n 15 minutes after intravenous adminis- 
tration. The amino acid most slowly cleared was l-glutamic acid. Liver 
and kidney were observed to be most active in concentrating the injected 
amino acids, skeletal muscle less so, and brain showed no increase what- 
soever. This behavior of brain is interesting because, in spite of this 
apparent barrier to the uptake of amino acids, the normal value of free 
amino acids in brain tissue is 7 times as great as that in blood plasma. 
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While there was an increase in the amino acid content of all of the 
representative tissues tested except brain, the pattern of concentration 
was not the same for all the amino acids examined. 15 minutes after 
injection high amino acid values were found in kidney and skeletal muscle 
with l-lysine. J/-Histidine gave only medium liver and medium (or low) 
kidney concentrations. Glycine accumulated in skeletal muscle as was 
previously reported by Luck (3). J-Alanine behaved much as did glycine, 
but it did not exhibit the affinity of that amino acid for skeletal muscle. 
l-Glutamie acid was poorly concentrated in the liver but markedly in the 
kidney. The protein hydrolysate, as would be expected from its composite 
nature, was taken up well by all of the tissues except brain. 

The findings on glutamic acid and glycine may be correlated with the 
observation of Madden et al. (4) that glutamic acid is poorly and glycine 
well tolerated when given intravenously They also harmonize well with 
the special physiological relationships of glycine to creatine in muscle and 
glutamic acid to glutamine in the kidney (5). 

The variations in the amino acid uptake of the tissues and the mechanism 
of their concentration must remain unexplained at this time but the obser- 
vations offer a challenge to further research. It would be of interest to 
repeat the experiments with analytical methods specific for the individual 
amino acids, e.g. by microbiological assay. 


SUMMARY 


Intravenously administered amino acids are rapidly removed from the 
blood plasma. They are highly concentrated by liver and kidney, less so 
by skeletal muscle, and not at all by brain. The pattern of concentration 
is not the same for all of the amino acids examined. 
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A STATISTICAL EVALUATION OF THE THIAMINE AND 
PYRAMIN* EXCRETIONS OF NORMAL YOUNG MEN 
ON CONTROLLED INTAKES OF THIAMINET 


By OLAF MICKELSEN, W. O. CASTER, ano ANCEL KEYS 
(From the Laboratory of Physiological Hygiene, University of Minnesota, Minneapolis) 
(Received for publication, December 31, 1946) 


The urinary excretion of thiamine has been used for some time as an 
empirical indication of thiamine nutrition. The tacit assumption is made 
that when the dietary intake of the vitamin is at or below the human 
“requirement” the urinary excretion falls below a certain value, but as 
long as the dietary intake exceeds the requirement the urinary excretion 
remains above this critical level (10). 

This assumption was originally made without a clear understanding of the 
range of the variation in excretion values under controlled dietary condi- 
tions. In most cases the controlled studies were made over very short 
periods, so it is likely that many of the subjects had not attained equilibrium 
in their urinary excretion of thiamine. Furthermore, in many cases, the 
methods used for the determination of thiamine in the urine are open to 
some question (12). 

Very few reports have utilized statistical methods, even where the data 
were sufficient to warrant such use. A notable example of this is the series 
of papers by the group at the Mayo Clinic (9, 18). Although they collected 
urine samples from subjects who were maintained on constant thiamine 
intakes for periods as long as 7 months, only a single average Value for the 
urinary thiamine is given for each period. FElsom, Reinhold, Nicholson, 
and Chornock (4) have given the standard deviations for the urinary 
thiamine excretions of nine women who consumed a constant amount of 
thiamine for indefinite periods. They and Wertz and Mitchell (17) are 
the only investigators who seem to have given this problem any considera- 


* The pyrimidine-like component of the thiamine molecule which is exereted in 
the urine. 
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tion, but their data are so scanty that a true picture of the variation in 
urinary thiamine excretion is not possible. Their results, however, do 
bring out the great variation in the urinary excretion of thiamine by “nor- 
mal” adults. 

The present paper presents a statistical evaluation both of thiamine and 
of pyramin excretions by normal young men of comparable body size who 
were living under the same conditions of diet and activity. These experi- 
ments have been carried on in this Laboratory from 1943 to date. They 
have involved the prolonged maintenance of the subjects on controlled 
thiamine intakes from zero up to 16 mg. per day. A survey of the general 
results of one of these experiments has already been published (8). 


EXPERIMENTAL 


In one experiment, groups of two, four, and four men were given 1.81, 
1.01, and 0.61 mg. of thiamine per day, respectively, for a period of 24 weeks. 
In another experiment, two groups of six subjects each received 1.00 and 
2.00 mg. of thiamine, respectively, per day for a period of 34 weeks, after a 
control period of a month on the lower level of thiamine intake. Following 
this experiment the intake levels of the two groups were reversed. A 
period of 1 month on a partially controlled diet intervened between the two 
parts of the latter experiment. In each of these experiments, all men 
received the same basic dict. All meals throughout the experiment were 
served as weighed portions from the diet kitchen. The differences in the 
thiamine intake were adjusted by means of thiamine pills and placebos. 
The thiamine content of the diet averaged close to 0.5 mg. per day. The 
day to day variation of the dietary intake of thiamine from the given mean 
values was of the order, ¢ = +0.06 to 0.08 mg. per day. This was deter- 
mined by actual analyses of the diets served. Finally, the excretion values 
at higher levels of intake, 7.¢. 5, 11, and 16 mg. of thiamine per day, were 
obtained from other subjects on somewhat less strictly controlled thiamine 
intakes. 


Analytical Methods 


In all of these experiments, except those in which 5, 11, and 16 mg. of 
thiamine were used, diet samples were collected daily. An exact duplicate 
of all the food served to the subjects was saved for analysis. This was 
analyzed for thiamine by the method of Hennessy and Cerecedo (6). 

All of the values reported in this paper for urinary thiamine excretion 
represent 24 hour samples which were collected in bottles containing 5 ml. 
of toluene and 5 ml. of glacial acetic acid as preservatives. Thiamine was 
determined in these samples by our modification of the thiochrome pro- 
cedure (12). 
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The pyramin content of the urine was determined by a modification of 
the yeast fermentation method of Schultz, Atkin, and Frey (15). Acecord- 
ing to the original description of the method, the pyramin value is repre- 
sented by the sulfite blank. The standard used in these determinations 
was 2-methyl-4-amino-5-ethoxymethylpyrimidine hydrochloride. 

Slattstics 

Many of the statistical methods used in the analysis of our results are 
not available to most biochemists or physiologists. To clarify our methods 
and to avoid confusion as to the definition of terms, we include a brief sum- 
mary of the statistical items used in this report. For a more complete 
discussion and for the mathematical derivation of the formulas, see 
Snedecor (16). 

The variability of the thiamine and pyramin excretion data has been 
submitted to the analysis of variance (16). In the discussion of variability, 


the variances oj4, 0, 4, Twi, and oye are related to the mean squares, Viz, 


Vi, Ve, Vea, and V.i, as indicated in the following equations: 


Va ots + nei 


where, in a given table of data showing the excretion values, y, for n 
individuals on k days, the sums of the excretion values for each of the 
individuals over this period of days are J,, Js, Is,...... I,, respectively ; 
the daily totals summing all individual values for each day are D,, Dz, 
eta cede D,, respectively, and T is the grand total of all nk values of y. 

These terms are measures of: 

Ves = ows, the within individual (intraindividual) variation. This is a 
pooled (‘‘statistically averaged”) value for day to day variations for each 
of the individuals within the group and represents the average day to day 
variations of each individual from his own mean. 

Vea = o24, the within day (interindividual) variation. This is a pooled 
value for the k days of the deviation of individual values on a given day 
from the mean group value on that day. 
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V,, the deviation of the » individual mean values from the grand mean 
for the total period. 

Va, the deviation of the k daily mean values from the grand mean. 

Via = o<a, the interaction term or purely random “error.” This can 
be represented graphically as the degree to which the individual values 
from day to day fail to move in a parallel fashion. 

o;, that part of the interindividual variation (not attributable to random 
error) which is consistent for the individual from day to day. 

ca, that part of the day to day “general up and down movement” of the 
group values which is over and above that expected from purely random 


“error.” 


Taste I 
Analysis of Variances of 24 Hour Urinary Excretion of Pyramin by Normal Young 
Men on Different Levels of Thiamine Intake 

The men were maintained at each level of intake for periods of 2 or more months 
(see Table III for the exact time). The urinary excretion values are expressed as 
micrograms of 2-methyl-4-amino-5-ethoxymethylpyrimidine hydrochloride per day. 
The thiamine intake is expressed as mg. per day. The definition of ¢ is given in the 
text. The pooled values are the weighted averages for each column of figures. 


oy | 24 br. urinary pyramin excretion 
Thiamine 


0.61 | 125.5 | 21.0 2.3 18.9 | 38.9 18.2 
| | we me i 6s 20.5 
2.4 | 0 27.4 
2.00 | 232.6 | 23.1 | 23.9 | 21.5 8.4 19.4 
Pooled values........| 21.58 | 20.65 | 2045 | 6.90 | 21.48 


Excretion of eneeiicell lhe values of the different variances (Table I) 
are quite constant for pyramin, being homogeneously distributed through- 
out the data from all of the experimental groups on all levels of thiamine 
intake and pyramin excretion. 

The pyramin values from all of our pooled experimental data have been 
used in calculating the following variations in micrograms per day: 


Goi = 30.46; 22.61; = 20.81 


In each case there are 500 to 600 degrees of freedom. By calculation from 
the above values, ¢; = 8.84 and og = 22.24. Inthe urinary pyramin excre- 
tion data, o;, the individual variation corrected for random “error,” is 
very small, in some cases almost insignificant. Considering the careful 
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control of the dietary intake of thiamine, the day to day variation as repre- 
sented by ou: is surprisingly large. This may be partly due to the fact 
that, while the diet is carefully controlled with respect to thiamine, it was 
not possible to control the intake of the pyrimidines which may be related 
to thiamine or its decomposition products. Direct analysis of the diets for 
pyramin has been found to be valueless because of the tendency of com- 
pounds that are inactive in the fermentation method to become “active” 
on feeding (3). 

Excretion of Thiamine—The variance values in the thiamine excretion 
data are not so uniformly distributed as they were in the pyramin data. 
The variation in the thiamine excretion depends to a large extent upon the 
magnitude of the mean with which it is associated. This has been noted 


TABLE 


Analysis of Variance of 24 Hour Urinary Thiamine Excretion Data of Normal Young 
Men As Calculated by Two Different Methods (See Table LIT for Details) 


A, values calculated from actual excretion data expressed in terms of micrograms 
of thiamine per day, and B, values calculated from the logarithms of the excretion 
data, ——— in terms of per cent of the mean thiamine excretion. 


Thiamine Freretion B, per cent of mean 


mg. per 
dey y per day 


2.00 22% 106 | 81 57 | 52 | 2% | 42 | 21 


to a certain extent by other workers (4) who have preferred to express 
deviations in thiamine excretion in terms of percentages of the mean. 
This strong dependence of variance upon the mean can readily be seen in 
Table II, A. Where the variance is so intimately related to the mean, it is 
proper to convert the excretion values to logarithms before proceeding 
with the analysis of variance, and then express the final figures as percent- 
ages of the mean ((16) p. 448). This helps somewhat, but, as may be seen 
in Table II, B, even according to this method the variances are not homo- 
geneously distributed throughout the various intake levels. The logarith- 
mic treatment of the thiamine excretion data overcompensates for the 
trend seen in the ordinary analysis of variance (Table II, A). The proper 
method of analysis would involve some intermediary statistical procedure 
which has not yet been developed. Both of the presently available methods 
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for the analysis of variance, when applied to the thiamine data, vield results 
which are markedly different and are inconsistent among themselves 
(Table II). This does not permit large scale pooling of values or even 
proper comparison of samples, and it makes strict analysis of variance 
almost impossible with the thiamine data. It has been found possible to 
obtain reasonable results for the significance of the changes in thiamine 
excretion following a drastic change in physical activity or composition of 
diet (the thiamine intake maintained at the previous constant level) by 
treating the urinary thiamine values on an individual basis. The values 
for each individual, under these circumstances, must be compared with 
his own normal values. In this way o;, one of the large variables, can be 
eliminated from the calculations. 

The very large values found for ¢, constitute one of the more striking 
phenomena of the thiamine excretion data. The thiamine excretion level 
is highly characteristic of the individual as well as the intake. A groupof 
men on identical and carefully controlled intakes of thiamine will show 
very different but individually consistent levels of thiamine excretion. 
Some of the men may consistently excrete twice as much thiamine as others, 
At the same time, however, the pyramin excretion level of these same 
individuals will be much less variable. There are no visible outward signs 
to indicate a reason for this difference in thiamine excretion (13). 

The intraclass (or intragroup) correlation, r = (o.)/ (o. + oca), is & Measure 
of the consistency with which the various individuals in a group maintain 
their relative positions within the group ((16) p. 243). The values for 
each of the groups are given in Table III for both thiamine and pyramin. 
In general, the thiamine excretions show highly significant values of r 
close to 0.7 (0.4 to 0.9), while those for pyramin are about 0.1 (0 to 0.2) 
and statistically non-significant. In the second of the two experiments 
previously described, the reversal of intake levels of the two groups of men 
afforded an opportunity to check the consistency with which the individuals 
of a group hold their relative positions in that group when the intake levels 
are reversed. It was found that, when the individuals were ranked with 
respect to their position in the group both before and after the change in 
intake, the rank correlations ((16) p. 164) obtained were +-0.89 and +-0.99, 
as compared with the intragroup correlation values ((16) p. 243) of +0.85 
and +0.97, respectively, found for these groups during the control period 
of 6to8 months. This effect is very important, and has been discussed in 
greater detail elsewhere (13). 

All of the experimental groups do not show as high correlation of thiamine 
intake and excretion values as the above. The lower values for the intra- 
group correlations obtained at some of the thiamine intake levels are 
possibly attributable to the facts that (1) at low levels of thiamine intake, 
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where excretion values and the attendant variabilities all approach zero, the 
possibility of distinguishing individuals decreases, and (2), since the levels 
of thiamine excretion are highly dependent upon the individuals in a group, 
the intraclass correlations obtained from small groups would be expected to 
vary considerably. 

Time Required for Stabilization —One factor that must be kept in mind 
in attempts to obtain thiamine and pyramin excretion values characteristic 
of a given intake of thiamine is the period of time required for an individual 
to come into metabolic equilibrium with the new level of intake. Fig. 1 


Taste HI 


Summary of Urinary Excretion of Thiamine and Pyramin by Normal Young Men 
Maintained on Different Levels of Thiamine Intake for Periods of 2 or More Months 


The excretion values are given only for the collections made after the men were 
stabilized at their intake levels. The excretion of thiamine is given in micrograms 
of thiamine hydrochloride per 24 hours, whereas that of pyramin is in micrograms 
of 2-methy!4-amino-5-ethoxymethylpyrimidine hydrochloride. The definitions of 
the variances and correlation terms are given in the text. The groups with an 
asterisk are those whose thiamine intakes were reversed after the 8 months experi- 
ment. 


No. of Months | Average thiamine exeretion | Average pyramin excretion 
mg. | Mean | | | | Mean | | 4 | r 
0.61 4 6 4.6 6.3) 6.3 0.38) 125.5, 21.0 | 26.3 | 0.18 
1.00/ 0.08 6 65.4 25.1) 23.4 0.97 165.4) 19.0 | 29.3 | 0.08 
1.00, 0.08 6* 3 7.2) | | «(155.8 | 
101/007) 4 6 2%6.2 15.9 13.0 0.38 | 171.5) 22.9 | 30.0 0.08 
181/007; 2 6 195.4, 35.8 29.5 0.54 267.4) 27.7 | 40.1 | 0.00 
2.00'0.08 6 | S$ | 224.0 106.3, 81.1) O.85 | 232.6 23.1 | 28.9 | 0.13 
2.00/ 0.08 6% 3 249.3 | | 214.9) 
eis ler | 907 | 57.3 | 16.5 | 
8 2 {1875 | 865 | 435 | 878) | 43.5 | 56.35 
| | 3” | (385) | 35.7 | 


shows the rate of change of thiamine and pyramin excretion levels found 
in a group of six men when they were changed from a constant intake 
level of 1.00 mg. of thiamine per day to a constant intake level of 2.00 mg. 
of thiamine per day. The group subsequently remained on this higher 
level of intake for a period of about 8 months. ‘The plateau values shown 
represent the average thiamine and pyramin excretion values obtained 
over approximately the last 6 months of this period. The ordinates have 
been arranged so that the two plateau values coincide exactly in Fig. 1. 

The thiamine excretion values show a sharp and immediate rise, which, 
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however, does not reach the levels characteristic of the new intake during 
the first 30 days. The pyramin values rise more slowly than the thiamine 
in the first few days. This may possibly account for previous reports that 
pyramin excretion values are insensitive to changes of, or are entirely 
independent of, thiamine intake. The smooth least squares curve passing 
through the data in Fig. 1 is 


Micrograms pyramin = 67.2 — 67 


RATE OF STABILIZATION OF URINARY EXCRETION 


Picteou Level 


Excretion (micrograms) 


- 


nm 


yw 

2) 


increase 


0 10 20 30 35 45 50 
Doys After img increase in Thiomine intake 


Fic. |. Rate of stabilization of urinary and pyramin excretion when the thiamine 
intake is changed from 1 to2mg. perday. The increase in the excretion representa 
the difference between the two intake groups 


where ¢ is the base of the natural svstem of logarithms, 2.718, and ¢ is 
the time in days. In this formula 4; = 10 days; that is, this curve traverses 
half of the remaining distance to the plateau level each 10 days. Maultipli- 
cation of the values found in the above equation by 2.36 gives the corre- 
sponding thiamine values observed in this instance. We have not studied 
rates of change following a decrease of thiamine intake, nor those encoun- 
tered at higher or lower levels of thiamine intake. In the normal intake 
region studied, a group of individuals must be maintained on a carefully 
controlled thiamine intake for a period of at least 6 weeks before their 
excretion values may be considered to be truly characteristic of that level 
of intake. 
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Because of the great variation in the thiamine excretion data, there is a 
possibility that certain values may equal or exceed the plateau value before 
the time indicated in Fig. 1. 

Relation between Intake and Excretion—-In comparing thiamine and 
pyramin it must be remembered that the molecular weight of the thiamine 
standard is almost twice that of the pyramin standard. Thus, on a molar 
basis, a rise of 60 y of pyramin is equivalent to a rise of 100 y of thiamine. 

When the average excretion values for both thiamine and pyramin are 
plotted against the mg. of thiamine ingested per day, the curves in Fig. 2 
are obtained. The ever increasing variability in the thiamine data makes 
it difficult to determine the exact nature of the curve relating these points. 
There is little to be gained, however, in assuming that it is other than a 
straight line, especially for excretion values at intakes in excess of 1.0 mg. of 
thiamine per day. Since each individual shows his own characteristic slope, 
a great variability must be associated with any value given to the slope of 
this straight line. Fitting a least squares line to the thiamine excretion 
data which go to make up the values found in Table II gives the equation 


Micrograms thiamine exereted = —118 + 173 & mg. thiamine intake 


This indicates that at intakes below about 0.7 mg. of thiamine per day 
the urinary thiamine excretion would be zero for most individuals. It must 
be remembered that the level of urinary thiamine excretion is highly char- 
acteristic of the individual; consequently it is rather difficult to make useful 
generalizations from this. 

The literature is in disagreement concerning the thiamine excretions on 
the lower thiamine intakes. This may be attributed to one or more of 
the following: (1) individual differences of subjects, (2) inadequate time 
for stabilization of urinary excretion, (3) difficulties in exactly controlling 
dietary intakes at these lower levels, (4) differences in analytical methods 
used in the determination of thiamine, and (5) differences in the physical 
characteristics, activity, and living conditions of the subjects. ‘The method 
used for the determination of thiamine is especially important when the 
concentration of this vitamin in the urine is very low. Mickelsen, Condiff, 
and Keys (12) have diseussed the problems involved under these circum- 
stances. 

The relation of the stabilized pyramin excretion values to thiamine 
intakes (Fig. 2) is an exponential curve which can be represented by the 
equation 


Micrograms pyramin = 400 — 330¢7°*4 


where A = daily thiamine intake in mg. The curve approaches a plateau 
value of 400 y of pyramin per day for very high intakes of thiamine. The 
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significance of the change in the slope of the pyramin excretion curve with 
increasing thiamine intakes is difficult to evaluate at this time. Under 
certain conditions, the pyramin excretion may, temporarily at least, greatly 
exceed 400 y. These special conditions will be discussed in subsequent 
publications. 

Excretions of Thiamine and Pyramin As Indicators of Thiamine Intake— 
It would be highly desirable to evaluate the relative merits of thiamine and 
pyramin excretions as indices of thiamine intake. At present there are no 
statistical methods which allow the thiamine data to be used in a strict 


Urinory Pyromin Excretion in ¥ per 
2) 100 200 300 


Day 
400 500 


Thiamine Intoke in Mg. 
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Fic. 2. The excretion of thiamine and pyramin with different thiamine intakes. 
The data for these curves are from Tables I and II. 


analysis of variance. Several attempts at comparison of these two meas- 
ures, however, have been tried. 

In the first of these methods, the thiamine and pyramin excretion values 
have been plotted against the thiamine intake. At daily thiamine intakes 
of 2 mg. or less per day two substantially straight lines result, whose slopes 
on an equimolar basis are not significantly different. The correlation 
between the corresponding intake and excretion values should indicate how 
directly the excretion measure is related to the thiamine intake. The 
measure with the higher correlation coefficient can be taken to be the more 
directly related to the thiamine intake. 
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With the mean excretion values of twenty-two individuals who have been 
maintained on levels of 0.6, 1.0, 1.8, and 2.0 mg. of thiamine per day (Table 
JI1), the correlation coefficient ((16) p. 188), ™, relating thiamine excretion 
to intake, was +0.88, and the one relating pyramin excretion to thiamine 
intake, m2, was +0.93. The pyramin excretion data show the higher corre- 
lation coefficient, but with twenty-two cases the difference between the two 
is non-significant. The difference is still found to be non-significant when 
all of the original data are used. 

Another approach involves the use of Hotelling’s / test, which is specifi- 
cally designed to show which of two variables is best suited for the prediction 
of a third (1). When the calculations for this test are made, it is again 
found that pyramin excretion is better, but not significantly so, than 
thiemine for the prediction of thiamine intake. 

Other methods of comparison have also been studied. In one of these, 
the variations in the excretion values at each intake level have been ex- 
pressed in terms of thiemine intake by means of the slopes relating the 
excretion of thiamine and pyramin (expressed in equimolar terms) to 
thiemine intake. This procedure indicates that the relative superiority of 
the one excretion test over the other is dependent upon the intake level, 
but egain exact comparisons are difficult. 

Below a thiamine intake of about 0.7 mg. per day, thie thiamine excretion 
approaches zero. Statistically these values are very constant, but experi- 
mentally not very useful. At these same levels of intake the -pyramin 
excretion values are easily measurable. At thiamine intake levels close to 
1.0 mg. of thiamine per day both thiamine and pyramin excretion values 
are equally reliable_as indicators of thiamine intake. At thiamine intakes 
below 1.0 mg. of thiamine per day the thiamine excretion values are statis- 
tically less variable than the pyramin. At thiamine intakes above 1.0 
mg. per day the pyramin excretion values are less variable and thus more 
reliable than the thiemine values. 

One of the great drawbacks in the use of thiamine is that the excretion 
level is highly characteristic of the individual. This property is apparent 
at the intake levels ordinarily encountered in the normal American dietary, 
which makes it difficult to compare the data of one group with that from 
another. Except at intake levels between 0.7 and 1.0 mg. of thiamine per 
day, the pyramin excretion is slightly more sensitive to intake than is 
thiamine excretion. Consequently, at intake levels below 1 mg. of thiamine 
but above 0.7 mg. per day, it is better to use the thiamine excretion as an in- 
dicator of the intake. From | mg. up to about 5 mg. it is better, however, 
to use the pyramin excretion. Unless the intake level is known, it is rather 
difficult to determine which of the two indices is the better. Under such 
conditions and as a means of improving the accuracy of the intake predic- 
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tion, it is advisable to determine both excretion compounds. A multiple 
regression equation ((16) p. 340) or discriminant function (2) may be set 
up which in turn can be converted to 


Mg. thiamine intake = —0.65 + 0.0086 pyramin + 0.0027 thiamine 


Taste lV 


Original Urinary Thiamine and Pyramin Excretion Data of Individual Subjects 
Maintained on Constant Thiamine Intake for 8 Months 


The first six men received 2 mg. of thiamine per day throughout this period, while 
the other six received 1 mg. B, represents the daily thiamine excretions in micro. 
grams and P, the daily pyramin excretion in micrograms of 2-methyl-4-amino-5- 
ethoxymethylpyrimidine hydrochloride. 


Time of urinary collection 
Subject - Mean 
December January March April | June | July 
D | Bi | 276 | 204 | 350 433 | 398 | 348 168 381 330 [353 [276 333 328 
P | 230 | 282 | 240 | 228 | 227 | 250 | 142 236 [194 [211 (264 299 
C | B, | 82} 87| 88/123 | 140) 164 138 [128 | 87 | 86! 110 
P | 275 | 290 | 238 | 236 | 216 | 273 | 221 | 244 |220 /231 |270 [245 | 247 
B | Bi | 231 | 141 | 158 | 238 | 336 | 416 | 500 | 294 (364 /296 [318 [316 | 301 
P | 266 | 228 | 195 | 220 243 | 245 | 220 242 185 [204 | 229 
W | By | 128/ 191 | 109 167 | 180 | 318) 140. 112 (206 [209 234 | 179 
P | 238 | 249 | 219 | 203 | 268 | 264 207 | 227 [10 211 |202 |253 | 298 
H | By | 148 | 122 | 138 | 225 | 100 | 176 | 295 110 (163 |198 | 168 
P | 231 | 306 | 246 | 280 272 215 | 205 219 216 |248 247 
Pe | Bi | 114 | 128 | 101 | 183 | 200 | 191 307 | 252 |193 |156 |113 134 | 173 
P | 226 | 278 | 222 | 234 | 296 | 261 250 272 |205 |254 |209 |272 | 248 
A | 117} 75 | 79) 105 | 119/136) 119 74) 88! 68 | G4 05 
P | 230 | 211 | 190 | 202 | 219 | 194 | 139 187 |130 169 174 184 
Pa | Bi | 36| 39| 46 | 45/ 48 62 | 38 | 34 | 32) 22| 22) 37 
P 158 | 214 | 162 170 | 186 | 185 | 167 165 |112 |162 [142 166 
R | B, | 62) 52; 69 | 52] 38! 62 
P | 165 | 193 | 181 157 | 179 | 188 | 142 | 167 |118 |159 |169 50 164 
E | | 48] 67 | 77] 81/ 135| 40/38] 40/38/42) 60 
P 173 | 220 | 153 | 152 | 192 | 186 | 147 146 [128 [178 167 
M | Bi | 8| 83 | 8/122 | 70, 16| 36/38/44] 41) 65 
P | 183 | 243 | 210 | 245 205 | 121) 138 | 174 |178 [198 179 182 
B, | 55| 46) 62 | 48 6O 45/48 52) 40) 41) 32 
P | 173 | 200 | 185 | 188 | 206 | 130 | 143 181 127 188 173 146 | 170 


where thiamine and pyramin are the urinary values for these compounds 
expressed as indicated above. The constants in this equation have been 
calculated from the data in Table IV. In this equation pyramin is weighted 
twice as heavily as thiamine, which again indicates that it is a slightly more 
reliable indicator of thiamine intake (2). It must be emphasized that all 
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of the equations given in this paper have been secured from our data and 
are meant to hold only for our set of conditions, and must be rigidly checked 
before they are used under any other circumstances. 

DISCUSSION 

In the past, surprisingly little work has been done with pyramin, espe- 
cially in prolonged experiments. Pollock, Ellenberg, and Dolger (14) were 
probably the first to make actual analyses of the pyramin content of the 
urine (called by them “‘pyrimidine’”’). They suggested that the urinary 
thiamine excretion represented only the immediately preceding vitamin 
intake, whereas the pyramin excretion more faithfully mirrored the body 
stores of thiamine. Since the urinary pyramin excretion increases after 
the injection of 100 mg. of thiamine, they postulated that pyramin is de- 
rived from thiamine. 

Wertz and Mitchell (17) used the pyramin values expressed as thiamine 
equivalents, plus the actual thiamine values as a measure of the ‘“‘total”’ 
thiamine excretion. Although their experiments were of only a few days 
duration, there is an indication that at the lower levels of thiamine in- 
take a greater fraction of the intake can be accounted for on the basis of 
“total” urinary thiamine excretion than at the higher levels of intake. 
Our work confirms and supplements this. Fig. 3, which is based on our 
data, shows that with increasing thiamine intakes the excretion of thiamine 
increases, but tends to reach a plateau at about 13 per cent of the intake. 
When the pyramin content of the urine is added to this, the total per cent 
of the intake accounted for in the urine decreases as the intake increases. 
Even at the lower dietary intakes, a maximum of 42 per cent of the in- 
take was accounted for as the sum of pyramin and thiamine, whereas at 
levels of intake of 1 mg. only 35 per cent was accounted for. There is 
no indication as to the fate of the remaining thiamine. Nothing can be 
said about the stability of pyramin in the body until it is isolated and char- 
acterized. The pyrimidine ring in thiamine may be broken down by the 
body to compounds other than pyramin. 

Gorham, Abels, Robins, and Rhoads (5) found a marked increase in 
the pyramin excretion following the injection of 5 mg. of thiamine, whereas 
the pyramin excretion was almost unaffected by the injection of 5 mg. of 
2-methyl-4-amino-5-methoxyethylpyrimidine (sic.). Theirworkalsobrings 
out the greater variation in the excretion of thiamine, when compared to 
that of pyramin. 

Regardless of whether thiamine or pyramin is used, a comprehensive 
statistical evaluation of the urinary excretion is necessary before any 
assessment can be made of this technique as a measure of vitamin require- 
ment. Many workers have come to conclusions on the human vitamin 
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requirement based only on unappraised urinary excetion data. Only one 
such example will be mentioned to illustrate a common fallacy. Mason and 
Williams (9) increased stepwise the thiamine intake from 0.4 up to 2.0 mg. 
per day. They noticed a “marked” change in the slope of the urinary 
thiamine excretion when the intake was increased from 0.8 to 1.0 mg. This 
led them to conclude “that a level of intake of 800 micrograms was just 
enough for physiologic purposes and that above this level a greater amount 
was excreted as surplus” (p. 251). Statistical examination of their data 
fails to show any significant change in the slope of the urinary excretion 


40 -—> Sum of urinary thiomine ond 
pyromin (in tmomine equivolents) 
Urinary thomine 


% Dietary Thiamine Excreted in Urine 
5 
if 


2) 
= 


2 4 6 8 
Thiomine intoke (in mg per doy) 


Fic. 3. The recovery of thiamine and pyramin in the urine at different levels 
of thiamine intake. All values are based on the stabilized excretion values and 
represent the averages of the four or more men listed in Tables I and II. 


curve at this point. In fact, the to/al change in the excretion values at the 
two intakes is just barely significant (p = 0.02), even when advantage is 
taken of paired variance assumptions. 

Various workers have argued strongly for the use of the urinary excretion 
of thiamine as an index of the nutritional status of the individual. The 
supporting data consist primarily of a number of isolated short time 
experiments which were poorly controlled more often than not. In spite 
of the many analyses of urinary thiamine that have been reported by many 
workers, practically no one has attempted a statistical analysis to establish 
the possible significance of the data. The result has been a neglect of some 
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of the basic facts. Excretion equilibrium at a given thiamine intake level 
requires many days. We have as yet no proper information as to varia- 
tions in the rate of attainment of equilibrium. But even when equilibrium 
has been established at a highly constant thiamine intake, there are, as 
we have shown, very large consistent individual differences and consider- 
able day to day variations. Marked inter- and intraindividual variations 
in thiamine excretion associated with a constant thiamine intake have been 
noted without statistical analysis by Wertz and Mitchell (17). Limitation 
of analysis to a casual comparison of group averages has obscured the ques- 
tion of the meaning of the individual estimation and has led to unwarranted 
optimism. 

The facts are that one “normal” person may excrete twice or even 3 
times as much thiamine as another “normal” person on exactly the same 
diet. In any one day these differences are apt to be considerably larger 
than the mean differences. Finally, we may note that when the thiamine 
intake is changed the rate of response in urinary excretion is such that only 
half the change is completed in 10 days (Fig. 1). This is true for both 
thiamine and pyramin excretion. Obviously this fact is of great importance 
in all experiments relating thiamine excretion to intake and attempts to 
interpret thiamine “load” or “saturation” tests. Melnick (11) has criti- 
cized some of our earlier reports on thiamine excretion associated with low 
thiamine intakes (7) as being ‘‘too low.” Our reported excretions, being 
achieved at the true plateau level, are naturally lower than the values 
obtained only a few days after the change from a high to a low intake. 

In this paper we have discussed only ‘normal’ young men, that is 
young men with no history, signs, or symptoms of nutritional, digestive, or 
metabolic peculiarities. We can only believe that the variations in a less 
rigidly “normal” and homogeneous population must be more than with 
our subjects. 


SUMMARY 


1. Thiamine and pyramin excretion values from twenty-two normal 
young men maintained for prolonged periods on very carefully controlled 
thiamine intakes of 0.6, 1.0, 1.8, and 2.0 mg. per day have been studied 
statistically. 

2. Thiamine excretion values appear in a general way to be linearly re- 
lated to the thiamine intake, but are also highly characteristic of the 
individual. One “‘normal” individual may excrete twice as much as another 
“normal” individual on the same thiamine intake. The interindividual, 
intraindividual, and random variabilities occurring in the thiamine data 
increase markedly (but not quite in direct proportion) as the excretion 
values increase. Strict analysis of variance is almost impossible with these 
data. 
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3. The relationship between pyramin excretion values and thiamine 


intake is exponential, with the curve approaching a plateau of about 400 y 


of pyramin at very high intake values. In the region of normal intake 
levels (1 to 2 mg. per day) the relationship is very close to linear. The 
variabilities are quite homogeneously distributed, a fact which greatly 
facilitates statistical treatment of the data. 


4. Several advantages appear to be secured from the use of pyramin over 


the thiamine excretion data: (a) greater ease of statistical treatment of the 
data, with a corresponding increase in certainty of the results; (6) thiamine 
excretion values are subject to large, consistent, individual differences, 
while in the pyramin data the individual differences are very small; and 
(c) at low levels of thiamine intake the excretion of pyramin is still de- 
terminable, whereas the excretion of thiamine itself becomes zero. 

5. When the thiamine intake is increased from 1 to 2 mg., it requires a 
period of about 6 weeks for thiamine and pyramin urinary excretion values 
to come to equilibrium with the new intake level. Half of this change oe- 
curs during the first 10 days. 

6. The necessity for statistical treatment of excretion data and, further, 
the necessity for recognizing the nature of the variabilities involved in this 
data have been pointed out. 


Mr. Howard Condiff and Miss Laura Werner made the analyses for 
thiamine; Mr. Eugene Sunnen and Miss Doris Fredson assisted with the 
pyramin analyses; Mr. Ersal Kindel built the apparatus for the determina- 
tion of pyramin; Dr. Howard Alexander helped with the statistical work 
involved in this paper, for which we are sincerely grateful. A large number 
of Civilian Public Service men served diligently as subjects for these 
experiments. 
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THE CHEMISTRY OF MELANIN 


THE OXIDATION OF DIHYDROXYPHENYLALANINE BY 
MAMMALIAN DOPA OXIDASE* 


By HOWARD 8. MASON 


(From the Office of Dermatology, Industrial Hygiene Division, Bureau of State Services, 
lnited States Public Health Service, Bethesda, Maryland) 


(Received for publication, February 3, 1947) 


Raper and Speakman (1, 2) have shown that hallachrome (I) is formed 
from 3,4-dihydroxyphenylalanine in the presence of potato, fungus, and 


\ 
H or 
- COOH HO COOH 


meal worm tyrosinases. Hogeboom and Adams (3) have isolated a 
3,4-dihydroxyphenylalanine oxidase (dopa oxidase) from the Harding- 
Passey melanoma. In the present study the oxidations of dihydroxy- 
phenylalanine by melanoma dopa oxidase and by mushroom tyrosinase 
have been compared spectrophotometrically. It has been found that 
hallachrome is formed in the presence of mammalian dopa oxidase. 


EXPERIMENTAL 


A mammalian dopa oxidase was prepared by the method of Hogeboom 
and Adams (3) from the S91-dba mouse melanoma. The tumor material 
was generously supplied by Dr. Glenn H. Algire of the National Cancer 
Institute. To measure the activity of the preparation, 0.5 ml. of the 
enzyme was mixed with 2.5 ml. of phosphate buffer at pH 6.8, containing 
0.5 mg. of 1-3 ,4-dihydroxyphenylalanine (Hoffmann-La Roche). 3 atoms 
of oxygen were consumed per molecule of substrate in 100 minutes. In 
600 minutes, 4 atoms of oxygen were consumed. The experiment was 
terminated at 1000 minutes, when 4.2 atoms of oxygen had been consumed. 
This determination was carried out at 31.7°; the manometric technique 
has already been described (4). 

Tyrosinase was prepared from Psalliota campestris, according to the 
procedure of Ludwig and Nelson (5). The sample contained 273 cate- 


* The first article in this series is in preas (Ann. New York Acad. Sc. (1947)). 
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cholase units per ml., or 90 units per mg. of dry weight, as determined 
by the method of Miller and coworkers (6). 

To follow the course of the enzymic reactions by means of the spee- 
trophotometer (Beckman), continuous readings were made and the trans- 
formations of the chromophores involved were quantitatively recorded, 
In applying this technique, 3.0 ml. of buffer solution were measured into 
a 1.0 cm. quartz spectrophotometer cell (comparison cell), and 3.0 ml, 
of the same buffer containing dihydroxyphenylalanine were measured 
into another cell. The absorption spectrum of the substrate was then 
determined as a check upon the concentration and freshness of the solution, 
Slit width was maintained at 0.3 mm. and widened at the short wave- 
lengths only as much as required by the decreasing transparency of the 
comparison solution. ‘The tyrosinase was diluted so that 0.1 ml. contained 
the desired number of units. Since the dopa oxidase was not of suffi- 
cient strength to permit this, the volume of the enzyme used was varied 
up to0.3 ml. The enzyme was added to the comparison cell and the mix- 
ture carefully stirred. The same volume of enzyme was then added to 
the cell containing dihydroxyphenylalanine, the time was recorded, and 
the mixture again carefully stirred. Density values were continuously 
read, scanning the field from the long to the short wave-lengths at intervals 
which varied from 2.5 to 20 my, depending upon the character of the region. 
From 3 to 5 minutes were required to scan the range between 400 and 230 
mu. When desirable, the densities at specific wave-lengths were followed 
continuously. All experiments were conducted at a room temperature 


of 28-29°. 


Results 


The spectrophotometric course of the oxidation of varying concentrations 
of dihydroxyphenylalanine in the presence of varving amounts of tyro- 
sinase was determined as a standard against which the action of dopa 
oxidase could be compared. In Fig. 1 is depicted the sequence of absorp- 
tion spectra observed when 3.0 ml. of a substrate solution containing 
0.008 mg. of dihydroxyphenylalanine per ml. were oxidized in the presence 
of 0.27 (A), 1.4 (B), and 9.0 (C) catecholase units of mushroom tyrosinase. 
The absorption spectrum of dihydroxyphenylalanine, maximum = 280 
mu, log e = 3.43, was replaced by a new and more intense maximum at 
305 mu when 9.0 units of enzyme were employed. In the presence of 0.27 
and 1.4 units, an incomplete progression toward this curve could be ob- 
served. 

The results obtained when 3.0 ml. of substrate solution containing 
0.024 mg. of dihydroxyphenylalanine per ml. were oxidized in the presence 
of 1.4 (A), 9.0 (B), and 13.5 (C) catecholase units are presented in Fig. 2. 
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The absorption spectrum of dihydroxyphenylalanine was again found to 
be replaced by a new spectrum with a maximum at 305 mu. The height 
and speed with which the new maximum developed were a function of 
the enzyme concentration. In the presence of 13.5 units of enzyme, 
the chromophore reached its greatest concentration in 15 minutes. At 
this point the solution was bright red; the color thereafter changed to 
purple and finally to brown, corresponding to the formation of synthetic 
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Fic. 1. Speectrophotometric course of the oxidation of 3, 4-dihydroxyphenylalanine 
in the presence of tyrosinase. A, 0.008 mg. per ml. and 0.27 catecholase units at 
(reading up) 0, 10, and 35 minutes; B, with 1.4 catecholase units at 0, 10, and 50 min- 
utes; C, with 9.0 catecholase units at 0, 2, and Il minutes. 


dopa melanin. During these changes the absorption spectra gradually 
approached curves indicating general absorption. 

The dopa oxidase preparation proved to be much less active than the 
partially purified tyrosinase. When 3.0 ml. of a substrate solution con- 
taining 0.024 mg. of dihydroxyphenylalanine per ml. were oxidized in the 
: presence of 0.1 ml. of dopa oxidase (Fig. 3, B), an incomplete sequence 
was obtained, roughly approximating the oxidation of a like amount of 
dihydroxyphenylalanine in the presence of 1.4 units of tyrosinase. By 
increasing the amount of enzyme employed to 0.2 ml., the sequence of 
reactions progressed to a clear development of an absorption spectrum 
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with a maximum at 310 mu (Fig. 3, C). The optical properties of the 
reaction mixture were such that no measurements could be obtained below 
285mu. Asimilar development of an absorption spectrum with a maximum 
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Fic, 2. Spectrophotometric course of the oxidation of 3,4-dihydroxy phenylalanine 
in the presence of tyrosinase. A, 0.024 mg. per ml. and 1.4 catecholase units at 0 and 
28 minutes and 19 hours; B, with 9.0 catecholase units at 0, 2, 5, and 2] minutes and 
18 hours; C’, with 13.5 catecholase units at 0, 1, and 15 minutes and 18 hours. 


at 305 to 310 my was observed when the concentration of the substrate was 
0.008 mg. per ml. By advancing the ratio of enzyme to substrate con- 
centration to 0.3 ml. of enzyme per 3.0 ml. of solution containing 0.008 
mg. of dihydroxyphenylalanine per ml., a new effect was observed. An 
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intermediate absorption spectrum with a maximum below 285 mz quickly 
developed. This gradually disappeared and was replaced by the previously 
observed maximum at 305 to 310 my (Fig. 3, A). 
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Fic. 3. Spectrophotometric course of the oxidation of 3,4-dihydroxyphenylalanine 
in the presence of dopa oxidase. A, 0.008 mg. per ml. and 0.3 ml. of enzyme at (read- 
ing up) 0, 15, and 120 minutes; B, 0.024 mg. per ml. with 0.10 ml. at 0, 8, and 150 
minutes; C’, 0.024 mg. per ml. with 0.2 ml. of enzyme at 0, 15, and 150 minutes. 


DISCUSSION 


Dihydroxyphenylalanine is known to be oxidized to a brown pigment 
in the presence of both mammalian (3) and non-mammalian (1) phenol- 
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oxidases. When investigated, these processes have been shown to require 
approximately 4 atoms of oxygen per molecule of substrate (3,7). The 
initial sequence of reactions taking place when dihydroxyphenylalanine 
is oxidized in the presence of tyrosinases has been worked out by Raper (2). 
It has not been proved that a similar sequence occurs when synthetic 
dopa melanin is formed by mammalian dopa oxidase. In the present 
investigation, red, and finally brown, pigment was observed to form when — - 
dihydroxyphenylalanine was oxidized in the presence of either mushroom 
tyrosinase or a mammalian dopa oxidase. Since the red pigment is charae- 
terized in both instances by maximum absorption at 305 to 310 my, it is 
probable that hallachrome is formed from dihydroxyphenylalanine by both 
enzymes. 

The enzyme preparations were of different relative purities. No con. | 
clusions regarding the relative rates at which the red pigment formed may 
be drawn. When the ratio between the concentrations of dopa oxidase 
and the substrate was high, a chromophoric substance intermediate 
between dihydroxyphenylalanine and hallachrome accumulated. While 
several explanations for this change in the relative rates of the consecutive | 
reactions involved are evident, no decision is possible at present. , 

The slight shift in the position of the absorption maximum of the red ) 
pigment between 305 and 310 may (ef. Figs. 2,C and 3, C) may be ascribed ' 
to the metachromatic effect (8) arising from differences in quantity and 
kind of protein in the two enzyme preparations. 


SUMMARY 


1. An absorption maximum at 305 to 310 mu, characterizing hallachrome, 
developed when dihydroxyphenylalanine was oxidized in the presence 
of either mushroom tyrosinase or melanoma dopa oxidase. 


The assistance of Anne H. Wright with the manometric determinations 
is gratefully acknowledged. | 
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A COMPARATIVE STUDY OF THE METABOLISM OF 
a-ALANINE, 8-ALANINE, SERINE, AND ISOSERINE 


I. ABSORPTION FROM THE GASTROINTESTINAL TRACT 


By FRANCES A. SCHOFIELD* ann HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School. 
University of Michigan, Ann Arbor) 


(Received for publication, January 29, 1947) 


One of the earliest suggestions that the rate of absorption from the intes- 
tine might not be the same for all amino acids came from indirect evidence. 
The amino acid nitrogen of the blood of dogs and rabbits showed a more 
rapid increase after the oral administration of glycine and alanine than 
after similar administration of glutamic and aspartic acids (1). It was 
suggested that the naturally occurring dicarboxylic amino acids might be 
less rapidly absorbed. Studies of the changes of the non-protein nitrogen 
of the blood after amino acids were fed to rabbits led Johnston and Lewis 
(2) to suggest that the rate of absorption of amino acids from the intestine 
might be one of the important factors in the rate of metabolism of the amino 
acids. 

The Cori technique (3) permits an accurate determination of the material 
absorbed from the gastrointestinal canal of rats and the use of small animals 
of this type has made possible such a study with the use of relatively small 
amounts of amino acids. Wilson and Lewis (4) extended the preliminary 
experiments of Cori (5), who studied glycine and alanine, to include alanine 
and a number of other amino acids. The absorption of most of the other 
amino acids of the protein molecule has now been investigated by this 
procedure. 

The purpose of the present study was to determine the effect of stereo- 
chemical differences on the rate of absorption of amino acids, as exemplified 
by an investigation of the comparative behavior of l-, d-, zad dl-alanine. 
The influence of a shift in the position of the amino group has also been 
determined by a comparison of dl-alanine with the naturally occurring 
B-alanine and of dl-serine with dl-isoserine. The comparison of serine 
with alanine and of isoserine with 8-alanine should afford information on 
the effect of the introduction of a hydroxy! group into the molecule of the 
amino derivatives of propionic acid. 

*Present address, Randolph-Macon Woman's College, Lynchburg, Virginia. A 
part of the experimental work was carried out in the chemical laboratories of the 
Randolph-Macon Woman's College. Financial support was available through a 
grant to one of us (F. A. 3S) from the American Association for the Advancement of 
Science administered by the Virginia Academy of Science. 
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ABSORPTION OF AMINO ACIDS 


EXPERIMENTAL 


The general procedure was that of Cori (3) as modified by Wilson and 
Lewis (4) for the study of the absorption of amino acids. Male white rats, 
whose weight after a 24 hour fast was 115 to 135 gm., were used. In order 
to insure uniformly good nutritive condition, they were all fed a commercial 
rat diet (Rockland or Purina chow) for 7 to 21 days prior to the fasting 
period. The preliminary period of fasting (24 hours), the methods of 
administration of the amino acids, and the preparation of the solutions for 
analyses of the gastrointestinal contents were similar to those used previ- 
ously (4). 

The period allowed for absorption was in all cases the same, 3 hours. 
It should be noted also that, in all experiments, the amounts of amino acids 


fed were in considerable excess of the amount which could be absorbed over 


the total 3 hour period. The amino acids were in aqueous solution as such 
rather than as the sodium salts fed in certain of our earlier experiments (4). 
It was possible to improve our procedure so that the period during which 
the gastrointestinal tract remained frozen in the ice box after removal from 
the body and prior to the analyses was reduced to 2.5 hours. 

The amino acids were obtained from commercial sources except 8-alanine 
and isoserine which were synthesized in this laboratory. In the analysis 
of f-alanine by the Van Slyke volumetric amino nitrogen procedure, 
a reaction time of 15 minutes was required instead of the usual 3 for com- 
plete reaction. This period was used in the analyses of gastrointestinal 
contents in those experiments in which @-alanine was fed. Isoserine gave 
somewhat more than the theoretical amino nitrogen in 3 minutes and it 
was necessary to use the proper correction factor for this amino acid. All 
compounds were analyzed for total and amino nitrogen with satisfactory 
results. 

The d- and l-alanine were obtained through the cooperation of Dr. Max 8. 
Dunn of the University of California at Los Angeles, in whose laboratory 
their specific rotations, — 13.57° and + 13.83° respectively, were determined 
under standard conditions (¢ = 25°; \ = 5893 A; solvent, 5.97 N hydro- 
chloric acid; concentration of amino acid, approximately 2 gm. in 100 ml. 
of solvent). Other samples of the optical isomers of alanine, ‘secured 
through Hoffmann-La Roche, Inc., showed satisfactory purity on analysis, 
but their optical activity was not examined. The samples from both 
sources behaved similarly in the biological studies. 

To test the accuracy of the procedure, a solution of dl-alanine of approx- 
imately the same concentration as that used in the absorption studies was 
fed to three rats and the animals were killed as rapidly as possible. Not 
more than 4 minutes elapsed between the introduction of the solution into 
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the stomach and the placing of the excised gastrointestinal tract in the 
freezing chamber. Recoveries of alanine (as amino nitrogen) were 93, 94, 
and 93 per cent of the amount fed. These recoveries are similar to those 
of Butts, Dunn, and Hallman (6) who obtained 91.5 per cent in similar 
control experiments. 

Since the amount of amino acid absorbed is determined as the difference 
between the amount of amino nitrogen fed and that remaining in the tract 
at the end of the absorption period, it is necessary to correct the latter 
value for the residual amino nitrogen of the tract of the fasting rat as de- 
scribed previously (4). This correction was determined with two series 
of animals, a summer series and a fall and winter series. In the summer 
group, twelve animals gave an average of 6.9 mg. of residual amino acid 
nitrogen per 100 gm. of body weight, with a range of 5.0 to 9.7 (only two 
values exceeded 7.9), and in the fall-winter group of twenty animals, 
slightly lower values were obtained, 4.4 mg. with a range of 2.4 to 7.1 mg. 
(only one value above 6.5). These values were used as correction factors 
in the corresponding series of experimental animals. These control values 
are slightly higher than those obtained previously in this laboratory (4), 
but in those series, also, somewhat higher residual amino nitrogen values 
were observed in the summer series. 

The results obtained are presented in condensed form in Table I. With 
dl-alanine, a summer series of sixteen animals and a second (fall-winter) 
series of fourteen animals were studied. Absorption coefficients of 79 
(range, 64 to 96) and 82 (range, 77 to 92) mg. per 100 gm. of rat per hour 
were obtained. All subsequent experiments with other amino acids were 
in the fall-winter series. The absorption coefficient of dl-alanine was 
quite high and in general, similar to but slightly higher than the value (72) 
obtained previously in this laboratory. 

The rate of absorption of the / isomer of alanine was determined in seven- 
teen animals, twelve of which received the amino acid obtained from 
Hoffmann-La Roche, Inc., and five that from Dr. Dunn. The coefficients 
of absorption of the two groups were 83 and 79 respectively, with a mean 
for all seventeen animals of 81.5. In the studies with d-alanine, the 
animals receiving the Hoffmann-La Roche and the Dunn preparation 
numbered thirteen and five respectively. ‘The coefficients of the two 
groups, 62 and 59, were not significantly different. ‘The mean of all eight- 
ecn animals was 61.6. d-Alanine appears to be absorbed at a slightly lower 
rate than the | isomer or racemic alanine. 

8-Alanine, which because of its slightly greater solubility could be fed 
at slightly higher levels than dl-alanine, was absorbed at a definitely lower 
rate (51.4). Somewhat greater individual variations were noted in the 
experiments with §-alanine than were observed in the dl- and Lalanine 
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series. A similar variation was observed in the d-al:nine series. It seems 
probable that, when the rate of absorption is lower, individual differences 
may be more evident. 

The rate of absorption of serine (67.1), while definitely lower than that 
of either dl- or l-alanine, was considerably greater than that of 8-alanine. 


Tasie 


Statistical Comparison of Rates of Absorption of Amino Acids from Gastrointestinal 
Tract during 3 Hour Periods of Rats Fasted for 24 Hours 


In Column A, the rate of absorption of the amino acids under consideration is 


compared statistically with that of dl-alanine; in Column B, with that of d-alanine; 
in Column C, with that of l-alanine; and in Column D,\ with that of dl-serine. 


| tt for difference of means 
Ae | (C) | @) 
30. dl-Alanine 9 | OF 80.5+/52.3 
18 | d-Alanine 78 | 40 (61.6 8.2 | 
17 | l-Alanine 92 | 73 /81.5+/21.9/ 0.60 | | 
(P > 0.6) | | 
13 | 8-Alanine 60 | 34 [51.4 3.4 (0.001 |13.2 
> P>0.01) 
12 | dl-Serine 75 | 54 (67.1 
12 dl-Isoserine 19 | 10 j14.1 |8.4 36.3 | 


v 
* is the unbiased estimate of the population variance (s = 

t Values of ¢ not in bold-face are ¢ values as calculated by ‘‘Student’’-Fisher. In 
the case of the values in bold-faced type, the ratio of estimated variances was too 
great (for the Snedecor F (variance ratio), ? <0.10) to assume that both samples came 
from equally variable populations and hence the usual ‘‘Student’’-Fisher test for 
the comparison of means is not applicable. The samples here are smaller than one 
ought to have for the use of the large sample test in which the variance of the differ- 
ence of sample means is simply estimated as the sum of their estimated variances. 
There is, however, an exact test (Scheffé) available for such cases, and this gives af 
which obeys the “Student’’-Fisher law but with degrees of freedom 1 less than the 
smaller sample size (7). The bold-face values of ¢ are of this latter kind. Values of 
P are given whenever they are >0.001. 


The coefficient of isoserine (14.1), on the other hand, was much lower than 
that of any other amino acid studied in these experiments. This is to be 
contrasted with the very rapid absorption of alanine and the good ab- 
sorption of serine. Even the more slowly absorbed 8-alanine (in which the 
amino group is in the same position as in isoserine) was absorbed at a rate 
approximately 4 times as great as that of isoserine. 
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Because of the limited solubility of isoserine in water, the amounts which 
could be dissolved in the 2 ml. of solution administered were small (49 to 
68 mg. per 100 gm. of rat), amounts definitely lower than those of the 
other amino acids studied (226 to 419 mg.). Although amino nitrogen was 
still present in the contents of the gastrointestinal canal in considerable 
amounts at the end of the 3 hour absorption periods, it seemed possible 
that the low rate of absorption might be related, in part, at least, to the 
small quantity of the amino acid presented for absorption in the tract. 
As a control, a series of animals received dl-alanine in amounts similar to 
the amounts of isoserine fed. At the end of a3 hour absorption period, the 
alanine had been completely absorbed, a finding which was to have been 
anticipated if the absorption had proceeded at a rate comparable to that of 
the other experiments with alanine. The poor absorption of isoserine can 
hardly be attributed to the small amounts of the amino acid which could 
be fed. 

The data obtained were analyzed by the Statistical Research Laboratory 
of the University of Michigan. We wish to express our appreciation to 
Professor Cecil C. Craig, Director of the Laboratory, for his aid in the 
interpretation of the data. As shown in Table I (Columns A, B, C, and 
D), all of the differences are of statistical significance except the dif- 
ferences between the absorption coefficients of dl- and l-alanine. 

The observation that dl- and l-alanine were absorbed at essentially the 
same rate is in agreement with previous work' from this laboratory (4). 
A study of the literature fails to reveal any real differences in the rate at 
which the “‘natural’’ optically active isomers and the racemic amino acids 
are absorbed. In previous studies from this laboratory (8), the absorption 
coefficients of the racemic forms of leucine, isoleucine, and valine were 
found to be the same as those of the | forms. While differences in the co- 
efficients of absorption of racemic and l-tryptophane have been reported 
as indicating a slightly more rapid absorption of the l isomer (9), the dif- 
ferences are so slight as to make this conclusion a debatable one. 

In the present experiments, d-alanine was absorbed at a rate significantly 
lower than that of l-alanine. We are not familiar with any previous 
experiments with rats by the Cori procedure in which the rates of absorption 
of the d and | isomers of pure amino acids are compared. 

It was surprising to observe that the presence of d-alanine in the racemic 
alanine did not lower the rate of absorption of this material as compared 
with Lalanine. If racemic alanine were an equimolecular mixture of the 
d and l isomers, its absorption coefficient might be expected to be less 

1 It should be noted that in the earlier papers cited from this laboratory (2, 4, 8), 


the older amino acid nomenclature is used. d-Alanine of previous experiments (4) 
is Lalanine according to the nomenclature used in the present paper. 
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than that of l-alanine, since in general the rate of absorption of a mixture 
is less than the rates of absorption of its components when fed alone (5), 
If racemic alanine is a compound, rather than a mixture as has been sug- 
gested for some amino acids, notably cystine (10), its absorption coefficient 
might be characteristic and the same as or different from those of the 
component optically active isomers. It would be of interest to feed 
amounts of a racemic amino acid such that a considcrable amount of 
unabsorbed acid would remain in the gut after a period of absorption and 
to determine whether the residual material is racemic (i.e., both isomers 
have been absorbed to the same extent) or shows some optical activity 
(i.e., one isomer has been absorbed more rapidly than the other). 

The data warrant a brief discussion of the influence of chemical structure 
on the rate of absorption, as far as concerns the amino derivatives of 
propionic acid. When the amino group is more remote from the carboxyl 
group as in §-alanine or isoserine, the absorption coefficient is decreased 
in comparison with that ofthe corresponding a-amino acid, alanine or 
serine. When a second substituent group, in this case a hydroxyl group, 
is also present in the molecule, the rate of absorption is also decreased, as 
is evident by a comparison of the absorption coefficients of alanine and 
serine and of 8-alanine and isoserine. The difference between the last pair 
of amino acids is the most marked of our series. 

The values obtained in this series cannot be compared directly with the 
absorption coefficients obtained by other workers. The conditions of the 
experiments are so variable (age, weight, sex, period of absorption, etc.) 
as to make any comparisons of little value. Moreover, as shown previously 
(4, 8), the rate of absorption is different when the same amino acid is fed 
either as the free amino acid or as the sodium or potassium salt. The dif- 
ferent solubility of the amino acids may also be important. In the present 
series, the solubility of the acids fed can hardly be a significant factor, 
except possibly in the case of isoserine, the most poorly absorbed of those 
studied here. 

SUMMARY 


1. The rates of absorption of certain amino derivatives of propionic acid 
from the gastrointestinal tract of young white rats by the technique of 
Cori have been determined. The acids studied may be arranged in the 
following descending order of absorption coefficients: l-alanine and al- 
alanine (essentially the same), dl-serine, d-alanine, f-alanine, and dl- 
isoserine. Statistical analysis has shown that, except in the case of dl- and 
l-alanine, the differences are significant. 

2. A comparison of the rates of absorption of a-alanine and §-alanine 
and of serine and isoserine indicates that, as the amino group was removed 
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from the carboxyl, the rate of absorption was decreased. Similarly the 
replacement of a hydrogen by a hydroxyl group, as shown by a comparison 
of alanine and serine and of 8-alanine and isoserine, resulted in a decreased 
rate of absorption. 

3. d-Alanine was somewhat less readily absorbed from the gut than was 
its stereoisomer, /-alanine. 
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A MICROMETHOD OF PHOSPHATE DETERMINATION 


By BASIL SOYENRKOFF 
(From the Department of Chemistry, New York University College of Dentistry, 
New York) 


(Reeeived for publication, Oetober 31, 1946) 


The proposed method is at least twice as sensitive as Bodansky’s (1) 
stannous chloride method and about 15 times more sensitive than the 
Fiske-Subbarow (2) method. A suitable concentration range for routine 
work is 0.02 to 0.2 mg. per liter of phosphorus in the sample-reagent mix- 
ture. 

The method is based on the color change of a dye (quinaldine red) solu- 
tion, presumably due to the formation of an insoluble dye-phosphomolyb- 
date complex which remains in suspension. 

The determinations can be made with about | per cent precision. The 
drift (change in color intensity with time) is much smaller than in the Fiske- 
Subbarow method, while the temperature coefficient is slightly larger. 
The reagents keep well, and the readings of phosphate standards change 
little from day to day. 

On the other hand, the pH adjustments must be more accurate than in 
the Fiske-Subbarow method. 

Good agreement with the amidol-molybdenum blue method has been 
obtained in the analysis of calcified tissues and serum filtrates (see Table I). 


Reagents and Chemical Procedure 


Glassware and Its Use—The glassware, except for the colorimeter tubes, 
was of Pyrex. The water was purified by single distillation through a 
tin condenser and stored in glass-stoppered Pyrex vessels. 

Quinaldine red solutions formed a coating in the burettes which often 
interfered with proper drainage. The coating was readily removed with 
detergents, for instance with 50 per cent solution of Aerosol IB (obtained 
from the American Cvanamid Company, New York). 

The reaction vessels and colorimeter tubes were rinsed with concentrated 
H.SO, after use. Photometer cells with fused on windows were rinsed 
quickly with 50 to 75 per cent H.SO,, immediately after with water, and 
left filled with water for half an hour in order to soak the acid out of the 
joints. The use of cemented cells is not recommended. 

Preparation of Samples for Analysis—The calcified tissues were dissolved 
in 1 N HCl (0.8 ml. was taken for 3 mg. of enamel or ashed tissue and for 
4 mg. of dentin or bone). To each 3 mg. of the dissolved enamel or ash 
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and 4 mg. of the dentin or bone were added 6.75 ml. of 10 nN H,S0O,, plus 
water to make 1 liter. Any undissolved residue was allowed to settle, 
and the samples (containing 0.4 to 0.5 mg. per liter of phosphorus) were 
withdrawn from the top. 

The blood sera were deproteinized with 9 volumes of 0.55 xn CCl,COOH, 
and the filtrates were diluted ten times with water. The 0.55 N (approxi- 
mately 10 per cent) acid was prepared from the 20 per cent solution by 
titrating the latter and diluting accordingly. 

Phosphate Standards for Calcified Tissue Analysis—Stock phosphate 
(100 mg. of P per liter) contained 0.4390 gm. of KH,PO, and 10 ml. of 10 


Taste I 
Quinaldine Red Method Checked against Molybdenum Blue Method 


The difference shown is between the quinaldine red and molybdenum blue values, 
expressed in per cent of the molybdenum blue value. 


— 


Phosphorus content 
tim 
red method blue method 
per cent per cent 
Mixed dental tissue, ashed before dissolving | 14.07 13.94 +0.9 
Alkaline ash of dentin-cementum mixture 16.15 15.91 +1.4 
Dental enamel, defatted, dried 17.45 17.37 +0.5 
Dentin, dried 12.77 12.57 +1.6 
Bone, fresh (outer part of calf fibula) 10.66 10.81 —1.4 


Horse 0.00339 0.00337 +0.8 
0.00300 0.00304 —1.3 
Rabbit “ 0.00446 0.00444 +0.4 


Nn H.SO, per liter. Standards containing 0.3 and 0.5 mg. of P per liter were 
prepared from stock plus 7 ml. of 10 N H,SO, per liter. 

Phosphate Standards for Serum—For standards containing 0.2 and 0.4 
mg. of P per liter, the requisite amount of stock phosphate (cf. above) 
plus 90 ml. of 0.55 n CCl;COOH plus 0.5 gm. of anhydrous NazCO,; was 
made up to 1 liter. 

Quinaldine Red-Gum Arabic Solution—To 50 mg. of quinaldine red and 
25 mg. of gum arabic were added 500 ml. of water, and the flask placed on 
the steam bath for 1 hour, with stirring at 10 minute intervals. (The dye 
should dissolve within 40 minutes.) After being cooled immediately under 
the faucet, the solution was decanted into a glass-stoppered Pyrex bottle. 
The bottle was kept out of direct sunlight. 


2 


Human serum 0.00382 0.00381 | +0.3 

ee 0.00320 | 0.00319 | 40.3 

0.00400 | 0.00396 +0.9 
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Quinaldine red (2-p-dimethylaminostyrylquinoline ethiodide) supplied 
by the Eastman Kodak Company was satisfactory. Several preparations, 
according to Koenig and Treichel (3), gave slightly higher melting points 
but no marked difference when used in the reagent solution. 

Gum arabic was of the best commercial grade (‘‘U. S. P. select, lumps;” 
J.T. Baker’s pea size; and Penick’s ‘“‘white tears” proved to be satisfactory). 
Clear and nearly colorless lumps, free from enclosures, were selected and 
powdered. A “U.S. P. powder” preparation was tried, but double the 
normal blank reading was obtained. 

The reagent is usable for at least 3 to 5 weeks, depending upon the con- 
centration range in which the measurements are made (see Table II). 


Taste II 
Ertinction Coefficients for 0 to O2 Mg. of Phosphorus per Liter 
k is the extinction coefficient (average of three replicates). A is the percentage 
deviation from proportionality between k and the phosphorus concentration (0.1 mg. 
per liter taken as the reference). 


—— For phosphorus concentration in mg. per liter 
Description of dye solution of 

0 0.02 0.04 0.10 0.20 

| fk |0.0072| 0. 0.0870, 0.2136 | 0.4470 
Solution I, 1 day old, 23 \ +3.0 | +1.8 |0 44.6 

k | 0.0079; 0.0413; 0.07971 0.2015} 0.4168 
17 days old, 23° ) , 42.6 | -1.1 43.4 

k | 0.0073! 0. 0.0821/ 0.2004! 0.4258 
II, 1 day old, 24° | 45.0 | -2.0 |0 41.7 

| | 0.0084! 0.0419 0.0814! 0.2085 | 0.4264 
7 days old, 24" 4, 40.1 | -2.3 [0 42.2 

k | 0.0122 0.0387) 0.07691 0.2170 | 0.4377 
IIT, 39 days old, 23° 4, -10.8 |-11.4 |0 +0.8 


Perhaps the best period is 1 to 3 weeks after the preparation, when the daily 
change is slight. 

Molybdate-Sulfate—To 250 ml. of 10 N H3SO, were added 8.85 gm. of 
ammonium molybdate (81.4 per cent of MoO,) and the solution was made 
up to | liter. 

No effects of aging were noticed, except on the temperature coefficient 
of color development. 


Procedure 


2 volumes of the sample (or standard) and 2 volumes of the dye solution 
were measured into a dry or well drained vessel and mixed. 1 volume of 
the molybdate-sulfate was added next from a transfer pipette and with 
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continuous stirring, the solution being discharged against the wall of the 
vessel. The mixture was allowed to stand for 10 minutes before reading. 


j — KS 54 
? 

= 
sf amull 
= if 
VU if 
z 
x< 


450 500 550 600 650 


WAVELENGTH (my) 


Fic. 1. Extinction curves of the solutions and the light filter. The plotted ex- 
tinction values of the solutions are extinction coefficients multiplied by 4 (i.e. ex- 
tinctions of 4 cm. deep solution layer). The dashed curves are those of a reagent 
blank and a 0.1 mg. per liter sample, read in a Coleman spectrophotometer model 11 
(band width 35 mu). The dotted curves represent extinetions of a 0.1 mg. per liter 
sample and of the filter (No. KS 54) used in the colorimetric readings, calculated from 
transmittance curves traced in a Hardy spectrophotometer (band width 10 mg) 
at the Electrical Testing Laboratories, New York. According to the manufacturer 
(Klett Manufacturing Company, New York), the transmission maximum of a No. 
KS 54 filter is near 40 mg. 


The volume of the dye solution was read to 1 per cent (ef. p. 452). 
The rate of the molybdate addition and mixing influenced the color de- 


velopment. The outflow time of the transfer pipette should therefore be 
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at least 40 seconds, and the unknowns and standards should be prepared in 
similar vessels (ef. p. 452). 

The time of outflow of Pyrex pipettes usually had to be increased, in 
order to meet the above requirements, by bringing the pipette tip to a red 
glow in the gas flame and, if shrunk too far, grinding the end on a earborun- 
dum stone. 


Measurement of Color Intensity 


Absorption curves of the process samples and of the filter used in the 
colorimetric readings are given in Fig. 1. 

Most of the colorimetric readings reported in this paper were made in a 
Lumetron colorimeter No. 402-k (Photovolt Corporation, New York). 


Taste Ill 
F stimates of Precision 
P = the phosphorus concentration in the color mixture; ¢ = the volume of the 
mixture ;¢ = the time of outflow of the molybdate; = the number of the replicates; 
V = the coefficient of variation. 


me. pert. per cent 
Samples mixed in beakers; 3 readings 0.08 2 60 12 | 0.25 
each, in 2 cm. deep Pyrex cell | | 
As above, with 2 matched cells;2 read- 2 | 12 0.45 
ings each : | 
Samples mixed and read in W5mm.| 02 5 37 | 10 0.50 
tube; 2 readings each 
As above, but 3 readings each | 0.04 | 5 57 | 10 0.95 


5 ml. volumes were mixed and read in 14.5 mm. tubes; satisfactory pre- 
cision was obtained down to 0.04 mg. of P per liter (see Table III). More 
dilute samples and reagent blanks were read in 2 to 5 em. deep Pyrex cells. 

With the Klett-Summerson colorimeter, the precision of the readings was 
limited by the null-point sensitivity. The sensitivity was increased 
by using filters of greater over-all transmission, for instance Wratten No. 
61 (4). Slightly lower readings of the blank and phosphate samples were 
obtained with the latter than with the filter shown in Fig. 1. 


Estimates of Precision and Sources of Error 


Drift and Temperature Coefficient—The extinction readings obtained 10 
minutes after mixing, as well as the subsequent drift (increase with time), 
varied measurably with the temperature. Estimates of these effects, ob- 
tained with samples of 0.1 mg. of P per liter and averaged for three tempera- 
ture intervals, follow. 
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20-25 25-30 320-35 
Drift between 10 and 20 min. after mixing, “;. 0.65 0.5 0.35 
Temperature coefficient of extinction (10 min. 

reading), % per degree............... 0.7 0.6 04 


Smaller drift than the above (0.4 per cent at 25°) and slightly lower 
temperature coefficient were observed with 5 week-old quinaldine red 
solutions. 

Double the above temperature coefficient, which approached the normal 
in 2 week, was observed when freshly prepared molybdate-sulfate was used, 

Dye Solution Varied in Amount—As noted before, the quinaldine red 
solution did not drain very well. The observed error in volume was not 
more than 1 per cent of the amount measured. In order to estimate its 
importance, the volume of the dye solution was varied (1.9 and 2.1 instead 
of 2.0 ml.) and the resulting change in extinction determined. 


Per cent change in extinction 
Per cent change in amount of dye 
P= 0.04 mg. per liter P = 0.2 mg. per liter 
—5 +0.7 +0.7 
+5 +0.2 +0.5 


It appears from these results that the probable effect of the drainage 
error on the extinction is of the order of 0.1 per cent. 

Molybdate Solution Varied in Amount—A series of color mixtures was 
prepared in which the volume of the molybdate-sulfate was increased by 
2.6 per cent (from 1.007 to 1.033 ml.). The resulting average decrease in 
extinction was 1.6 per cent for the mixtures containing 0.04 mg. of P per 
liter and 1.3 per cent for the mixtures containing 0.2 mg. of P per liter. 

The use of a transfer pipette is specified in the procedure and the observed 
variation in the volume delivered from a 1 ml. pipette was not over 0.3 per 
cent. From the above results, the effect of such variation on the extine- 
tion is estimated at 0.1 to 0.2 per cent. 

Rate of Molybdate Addition—The extinction readings increased with the 
time of outflow of the molybdate-sulfate (Table IV); the increase was small 
after the latter reached 1 minute. The following results were obtained 
with | ml. pipettes of varying time of outflow. 

It appears from the above that changing the time of outflow from 50 to 
51 seconds would increase the extinction reading by about 0.1 per cent. 

Estimates of Precision—The colorimetric reading was subject to instru- 
mental and other errors whose estimated total was between 0.5 and 1 per 
cent, depending upon the color intensity and on the absorption vessel. 
In general, these errors appeared to be at least as large as the chemical 
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errors. Four of the experimental estimates of precision are given in Table 
Ill. In making the first one, the absorption cell and details of the proce- 
dure were chosen with a view to maximum accuracy of the extinction mea- 
surements. The third and fourth estimates are examples of the reproduci- 
bility possible in a series of rapid analyses performed in colorimeter tubes. 

Phosphate Concentration Limits; Aging of Dye Solution—More than a 
dozen quinaldine red solutions were prepared and tested, mostly in the 
range of 0.1 to 0.2 mg. of phosphorus per liter. The extinction coefficients 
obtained with three of the solutions (which contained gum arabic from the 
same source) over a 0 to 0.2 mg. per liter range are shown in Table II. The 
values obtained with the other solutions are in general agreement with 
those in Table II. 

Calibration curves plotted from the above data depart measurably from 


Tasie IV 
Effect of Rate of Molybdate Addition 
| Per cent increase in extinction 
P = 0.04 mg. per liter P = 0.2 mg. per liter 
see. 
From 15 to 22 6.4 | 6.1 
0.5 7.7 
180 3.4 4.3 


the straight line. The deviations are increased by subtracting the reagent 
blanks from the k values in Table IT. 

The extinction coefficients declined, while the reagent blanks showed a 

—~ definite increase, on aging of the dye solution. The daily change in the 
age interval of 1 to 3 weeks was too small to affect the reproducibility of 
readings extending over several hours. After 3 weeks, the downward trend 
in extinction readings of phosphorus concentrations below 0.1 mg. per liter 
became more rapid, and the values of 4 (cf. Table II) generally too large 
for accurate work. 

The aging of the dye solution was thought to result from gradual de- 
struction of the gum arabic. Other protectors were tried, and a more 
stable solution was obtained with Tween 20 (p. 457), which after 3 months 
gave approximately the same calibration curve as a week-old quinaldine 
red-gum arabic solution. 

The limitations of apparatus as well as chemical sources of error (de- 
viations from proportionality, reagent blank) fix the lower phosphorus 
concentration limit at 0.02 mg. per liter. For the upper limit, system- 
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atic studies were not made above 0.2 mg. per liter, although calibration 
corrections for 0.4 mg. per liter were determined occasionally and found 
to be about twice as large as those for 0.2 mg. per liter. 

Effect of pH Differences —The color intensity was strongly influenced by 
the pH of the sample-reagent mixture. Although the pH value of the mix- 


V 
Interfering Substances 
Tolerance = the molarity corresponding to 0.5 per cent deviation of the extinction 
reading for 0.1 mg. per liter of P. The tolerance ratio = the tolerance divided by 
the molarity of phosphate. 


Substance “Benen Tolerance | Tolerance ratio 
males perl. 
Urea Not observed >0.01 > 3000 
NaCl Decrease 0.005 1700 
CaCl, 0.008 1000 
Mg** (added as MgSO,) Increase 0.0012 400 
Glucose 0.0010 300 
NaF Decrease 0.0005 170 
Lactic acid 0.0002 70 
Fe***, added as FeNH,(S0,)> Increase 0.00005 17 
NaSiO; 0.00002 7 


Citrie acid Decrease 0.000003 l 


ture mainly depended upon the added molybdate solution, the acid content 
of the sample was not without effect on the extinction reading. The follow- 
ing observations were made with the phosphate standards. 


pH changed by doubling content of sample ia 


CChCOOH 
pis change in phosphate sample 0.26 0.35 
color mixture (0.01)* 0.03 
Decrease in extinction, “7 6.3 3.4 
* Calculated. 


The above pH differences are much greater than would be expected from 
volumetric errors and variations in alkalinity of the tissues and sera. The 
observed pH differences bet ween the standard and unknown solutions were 
not over 0.02 unit. Hence, the resulting errors in the extinction values 
probably did not exceed 0.5 per cent. 

The greatest inconvenience caused by pH effects was in the use of 
photometer cells with fused on windows (cf. p. 447). 

Interfering Substances—Protective colloids, for instance proteins and 
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peptones, retarded the development of color and decreased its intensity, 
although the amounts remaining in serum filtrates apparently did not inter- 
fere (cf. Table I). The presence of CCl,COOH in the filtrates increased 
the readings by about 10 per cent. To compensate for this, the phosphate 
standard contained an equal amount of the acid plus sufficient NazCO; to 
match the pH values of the filtrates. 

Some constituents of calcified tissues and serum filtrates and substances 
known to interfere in the molybdenum blue methods were tested for the 
effect on readings by the quinaldine red method, in 0.01 m or lower concen- 
trations. The observed tolerance levels (cf. Table V) were above the 
concentrations normally present in such samples, with the possible excep- 
tion of citric acid in serum. 

The tolerance level of citric acid was increased to 0.00001 m by making 
the molybdate-sulfate solution 0.4 in H,BOs. 


Estimates of Accuracy; Checks against Molybdenum Blue 
Method 


A modification of Mueller’s amidol method (5) compared favorably with 
other molybdenum blue methods which were tested in that the readings 
were highly reproducible and stable and the effects of temperature and pH 
were small. The use of amidol as the reducing agent has been recom- 
mended by Allen (6) and others. Because of the lower sensitivity of the 
amidol method, undiluted serum filtrates were sampled, while the dissolved 
tissue samples were 20 times more concentrated than in the quinaldine red 
method. 

In the analyses by the quinaldine red method, 2 ml. samples of the calci- 
fied tissue solutions and diluted serum filtrates were processed and read in 
14.5 mm. tubes. Three samples of the unknowns and three to six samples 
of the standards were taken. 

The findings are presented in Table 1. The divergence between the 
quinaldine red and molybdenum blue values averaged 1.0 per cent for the 
calcified tissue samples and 0.65 per cent for the serum unknowns. The 
differences can be accounted for by the previously discussed sources of 
error, errors of color measurement, and effects of pH differences and varia- 
tions in the amount of molybdate-sulfate in particular. The molybdenum 
blue values, it should be noted, were also subject to an uncertainty of the 
order of 0.5 per cent. 

Differences averaging 6 per cent have been reported when two molyb- 
denum blue methods were compared (7), one of which (1) was sensitive to 
pH and other chemical factors and the other (2) relatively insensitive. 
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DISCUSSION 
Development of Method; Possible Improvements 


The development of the quinaldine red method originated from tests of 
various basic dyes as precipitants of phosphomolybdic acid. Strongly 
colored precipitates were sometimes observed which settled very slowly, 
The possibility of direct colorimetric determination of the dye-phospho- 
molybdate complex thus suggested itself, a necessary condition being that 
the unchanged dye should not contribute to the extinction reading of the 
suspended precipitate. This condition was approached in the case of 
some indicator dyes which, in the usual acidity range for phosphomolyb- 
date formation (pH 0.6 to 1.0), were obtained in a colorless or weakly 
colored form. Quinaldine red appeared to be the most suitable one of the 
dyes tested. Triphenylmethane dyes, such as crystal violet and malachite 
green, also showed a color change in the presence of phosphomolybdic acid, 
but the extinction readings were subject to drifts and the blanks were high. 

The choice of pH (0.7) and of the molybdate and quinaldine red con- 
centrations was such as to permit high sensitivity, combined with a suffi- 
ciently low blank. The reagent blank obtained as described under ‘“Pro- 
cedure” exceeded slightly the sum of the extinction readings given by the 
molybdate solution and by the dye solution brought to pH 0.7 (the pK of 
the dye approximates 3.0 (8); hence at pH 0.7 about 0.5 per cent of the dye 


should be in the colored form). A solubilizer (gum arabic) was included © 


in the dye solution because of the poor solubility of quinaldine red in cold 
water. Also, the color reaction for phosphate was improved in the pres- 
ence of suitable amounts of gum arabic, higher extinction values being 
obtained, and better proportionality to the phosphate concentration. 
The sensitivity of the method in its present form, expressed as the specific 
extinction coefficient, is 2.0 to 2.2 for 1 mg. of P per liter. Of the rapid 
color methods, those with stannous chloride as the reducing agent give 
values approaching the above, for instance 0.81 at 680 my, calculated from 
the data of Woods and Mellon (9). Extinction coefficients of 0.89 to 0.91 
per mg. of P per liter at 870 my have been reported for a modified Fiske- 
Subbarow method, which includes heating the reaction mixture (10). 
If sensitivity is the main consideration, the method can be modified to 
increase it. For instance, an extinction coefficient of 2.65 for 1 mg. of P 
per liter resulted when molybdate-perchlorate (5.7 gm. of ammonium 
molybdate and 150 ml. of 60 per cent HCIO, per liter) was substituted for 


the molybdate-sulfate. The reagent blank remained lower than with © 
molybdate-sulfate for 2 weeks, but a strong increase was observed after 


several months. Higher extinction coefficients were also obtained by in- 
creasing the concentration of the dye solution (with Aerosol IB as the ad- 
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ditional stabilizer) or the pH of the reaction mixture, but the reagent blanks 
were also increased thereby. 

Aside from higher sensitivity, the method presented in this paper com- 
pared favorably with Bodansky’s and similar methods, in that the readings 
and the reagents were more stable. The useful life of the dye solution has 
been extended by substituting 2 ml. of 1 per cent aqueous solution of Tween 
20 (polyoxyalkylene derivative of sorbitan monolaurate, obtained from the 
Atlas Powder Company) for the gum arabic in its preparation. After 3 
months, the blank showed only slight increase (k = 0.008), while the values 
of k for 0.02 and 0.2 mg. per liter were 0.043 and 0.451 respectively (com- 
pare with the values in Table IT). 

It has not yet been ascertained how much Tween 20 varies in its solubiliz- 
ing power, and the amount specified above may require modification with 
some batches of the Tween. Excess of the solubilizer is indicated by in- 
creased upward drifts in the extinction readings, while slight downward 
drifts usually are observed with insufficient solubilizer. 

The main drawbacks of the quinaldine red method are, from the writer’s 
viewpoint, the relatively large effects of pH and some interfering sub- 
stances. They limit the present use of the method to serum filtrates and 
to solutions in which phosphate is one of the main dissolved constituents. 
The means of reducing the above effects are being studied. 


SUMMARY 


A sensitive method is described for the colorimetric determination of 
inorganic phosphate in calcified tissues and serum filtrates over the con- 
centration range of 0.02 to 0.2 mg. of P per liter in the sample-reagent mix- 
ture. 
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STUDIES ON BODY COMPOSITION 


IV. USE OF RADIOACTIVE HYDROGEN FOR MEASUREMENT 
IN VIVO OF TOTAL BODY WATER* 


By NELLO PACE,t LEO KLINE, HOWARD K. SCHACHMAN, 
ano MORTON HARFENIST 


(From the Naval Medical Research Institute, Bethesda, Maryland) 


(Received for publication, January 7, 1947) 


The total water content of the human has been estimated occasionally 
by the desiccation of cadavers (1); however, an in vivo method for the deter- 
mination of total body water is desirable and preferable in many appli- 
cations. Total body water has been demonstrated to be a_ relatively 
constant fraction, mean 73.2 per cent, of the fat-free body mass in normal 
adults of various species of mammals, and it has been suggested (2) that 
total body water of the normal, adult human may be estimated from 
measurement in vivo of total body fat by the specific gravity method and 
computation of the fat-free body mass (3, 4). This procedure is rather 
limited in usefulness, however, as aberrations in water balance cannot be 
detected. The bulk of the research has been directed toward finding a 
readily recognizable chemical entity which, when introduced into the body, 
will distribute itself equally in the total body water. Sulfanilamide was 
proposed (5, 6), but later rejected (7) because of unequal distribution in 
body tissues. Urea has been suggested (6, 8), but was rejected (9, 10) 
because of the variability in the formation of endogenous urea as well as 
unequal distribution. Thiourea has been tried (11)!', but rejected (12, 13) 
because of its unequal distribution. Potassium also was considered (14, 
15), but later was demonstrated (16, 17) to be distributed in the body po- 
tassium rather than in the body water. Methods involving the differen- 
tial solubility of inert gases in body fat and water have been consid- 
ered theoretically (18), but have not been verified experimentally. 

It is of interest that the first substance to be used for the measurement 
in vivo of total body water should have been the most successful. Hevesy 
and Hofer (19) in a short note described the use of deuterium oxide for this 
measurement in man in 1934. Since that time the technique has been uti- 


*The opinions and conclusions contained herein are those of the authors, and are 
not to be construed as necessarily reflecting the views or the endorsement of the 
Navy Department. 

t Present address, Donner Laboratory of Medical Physics, University of Cali- 
fornia, Berkeley, California. 

‘Purple, M. R., and Lavietes, P. H., unpublished data quoted in (9). 
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lized for measurement of total body water in rats (20) and in guinea pigs 
(21). Very recently it has been repeated in man (22). With the advent of 
radioactive hydrogen of mass 3, t.¢., tritium (23), it appeared practicable 
to utilize tritiated water (HTO) for the measurement of total body water. 


Methods 


Preparation of HTO—Beryllium targets which had been subjected to 
deuteron bombardment in the cyclotron for neutron production were ob- 


tained through the courtesy of the Department of Terrestrial Magnetism, _ 


Carnegie Institution of Washington. These contained tritium formed by 
the reaction, Be? + D? — Be* + H® (24). The tritium was collected in 
the form of HTO by dissolving the beryllium target in 6 N HCl in a vacuum 


MCLEOD GAUGE 


SODA CALCIUM 
OR | 


Fic. 1. Apparatus for the collection of tritiated water from a beryllium cyclotron 
target. A, hydrogen generator; B, needle valves; C, electric furnace; D, storage 
bulb for hydrogen; £, liquid air traps. 


system, passing the evolved hydrogen and tritium over copper oxide at 
550°, and collecting the water in a liquid air trap. The apparatus is shown 
schematically in Fig. 1. A more quantitative recovery of tritium was 
effected by this method than by heating the beryllium target to red heat 
in an atmosphere of hydrogen gas. With ordinary precautions, the water 
collected in the trap was found to be sufficiently sterile and pyrogen-free 
for intravenous injection in human subjects. In a typical case, a yield of 
approximately 2 ml. of water was obtained in this manner from a beryllium 
target 1 X 1 X '/p inches. The tritiated water was rinsed with sterile 


water into a vaccine bottle to a total volume of about 6 ml., and an aliquot | 


was removed for activity measurement of the final stock solution. 
Measurement of HTO Activity—The maximum energy of the tritium 
8-ray has been reported to range from 0.0095 m.e.v. to 0.015 m.e.v. (25, 26). 
This low energy necessitates the employment of special means of counting. 
Water vapor at 1 to 2mm. of Hg pressure may be introduced into a Geiger 
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Miller counter tube without interference with its performance; con- 
sequently, the activity of tritium may be measured in the form of HTO 
vapor (27, 28). Fig. 2 is a schematic representation of the vacuum system 
used for the measurement of water radioactivity in the vapor state. This 
system was a moditication of that employed by Black and Taylor (29), 
and the operating procedure also was similar in some respects. ‘The count- 
ing circuit was a high speed circuit constructed in this Institute, and was 
equipped with six scaling circuits ranging from 2 to 64. The counter 


Fic. 2. Vacuum system for measuring water radioactivity. A, calcium chloride 
tube; B, Geiger-Miller counter tube; C, manometer; D, manometer; F£, storage bulb 
for argon; F, tube for inactive water; G, tube for radioactive water; H, tube for ethyl 
alcohol; J, low range McLeod gage; K, liquid air trap; L, high range McLeod gage; 
M, manometer for argon bulb. The figures refer to stop-cock numbers. 


tube (B) consisted of a copper window screen cathode 5 cm. in diameter 
and 30 cm. in length with a 10 mil tungsten wire anode, all sealed in a 
glass envelope with a total volume of approximately 1 liter. A lead shield 
about 2 inches thick was placed around the counter tube and served to 
reduce the background count to approximately one-half. The exchangeable 
test-tubes, (F), (G), and (77), contained inactive water, the unknown active 
water sample, and anhydrous ethy! alcohol, respectively. After the tubes 
were affixed to the manifold, gas was removed from these solutions by 
freezing twice with liquid air and evacuating while frozen. The storage 
bulb (Z) was filled with dry argon through Stop-cock 14 to slightly less 
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than atmospheric pressure, as indicated on the attached open end manom- 
eter (VM). A low range McLeod gage (/) was used to measure pressures 
of 0.1 micron to 0.1 mm. of Hg. The water vapor pressures of 0.4 mm. 
to 2.2 mm. of Hg introduced into the counter tube were measured on a 
high range McLeod gage (L), which operated on a compression factor of 
about 7.5. Closed end manometers (C) and (D) indicated pressures 
in the counter tube and manifold, respectively. 

In preparing for a count, the manifold and counter tube were evacuated 
to a pressure less than 0.3 micron. The system was tested for leaks by 
closing Stop-cocks 8 and 10 and measuring the pressure periodically by 
means of the McLeod gage (L). Water vapor from the radioactive sample 
(pure water or plasma) was then carefully introduced into the system 
through Stop-cock 6, care being taken that the vapor pressure did not 
greatly exceed 2 mm. of Hg by observing the manifold manometer (D). 
After diffusion equilibrium was reached, as indicated by constant read- 
ings on the McLeod gage (L), the temperature was recorded, Stop-cock 
2 was turned to close the counter tube, and the manifold was evacuated. 
Alcohol vapor was introduced by opening wide Stop-cock 7 and then slowly 
opening Stop-cock 2 to admit 2.5 em. of Hg of alcohol vapor into the 
counter tube, as indicated by a total pressure of 2.7 em. of Hg on the 
manometer (C). Stop-cocks 2 and 7 were closed, and the manifold again 
evacuated. Next, 2.0 em. of Hg of argon were introduced into the counter 
tube in a similar fashion, making a total pressure of 4.7 em. of Hg in the 
counter tube. Finally, the tube was permitted to stand for 10 minutes 
before counting was begun. 

The tube, filled as described above, had a plateau of 300 volts and was 
operated at 1400 volts, which corresponded to the mid-point. Three 
measurements of at least 20,000 counts each usually were made with each 
filling of the tube. Since it was found that the rate of counting increased 
somewhat during the first 20,000 counts and then leveled off, the mean of 
the second and third measurements was used. In 90 per cent of the deter- 
minations, these two counts were within 1.1 per cent of their mean. 

Background determinations were carried out in an identical manner 
with ordinary water substituted for the active water component. This 
method resulted in a reproducible mean background value of 3.58 counts 
per second, standard error of the mean (¢/+/N) + 0.03 ¢.p.s. Twenty- 
five individual background determinations were made during the course 
of the experiments to obtain thé mean value. 


Simple evacuation of the counter tube was insufficient to obtain a return — 


to normal background values following the use of active water samples; 
thus the tube was alternately evacuated and flushed eight times with 
inactive water vapor at about 17 mm. of Hg pressure, followed by a room 
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air rinse and reevacuation to 0.3 micron. This procedure was employed 
after each activity measurement. 

The actual activity of a given HTO solution was determined by making 
duplicate counts on at least four separate fillings of the counter tube 
containing different pressures of water vapor. The water vapor pressures 
were corrected to 0°, and a plot was made of the observed c¢.p.s. against 
the corrected pressure. The slope of the best line through these data, 
including the mean background value of 3.6 ¢.p.s., was determined by the 
method of least squares, and represents the c.p.s. per mm. of Hg of water 
vapor, corrected for background. A sample determination is illustrated 
by Table I. The standard error of estimate for all activity values obtained 


Taare I 


Sample Method for Determination of Activity of HTO Solution Measured at Various 
Water Vapor Pressures 


Vapor pressure, (X) Second 20,000 counts Third 20,900 counts | Mean activity, 
| | 
mm. ¢ | Cpe. Cpe. eps. 
0.0 | 3.6 
0.40 25.2 26.5 | 25.8 
0.55 33.58 | 4.1 34.0 
0.97 56.6 57.5 | 57.0 


1.07 60.9 00.7 60.8 


Y = 3.85 + 54.2N (method of least squares). cy = +0.59 ¢.p.s. 


by this method in the present experiments ranged from +1.1 per cent to 
+5.8 per cent of the slope value, and the mean standard error was +3.7 
per cent. Because the volume of the counter tube was constant, values 
of activity expressed in this fashion are directly proportional to the con- 
centration of HTO in the water sample being measured, and may be used 
as such without further conversion. The long half life of tritium, 31 years 
(26), eliminated the need for decay correction during the course of the 
experiments. 


EXPERIMENTAL 


Approximately | ml. of tritiated water was prepared from a beryllium 
target, 1.9 K 1.9 X 0.08 cm., which had received 20 hours of bombard- 
ment in a 25 m.e.v. deuteron beam. A 1:1000 dilution of the sample was 
found to have an activity of 15.3 ¢.p.s. per mm. Assuming a counting 
efficiency of at least 70 per cent from the geometry of the system, this 
activity corresponds to an absolute value of approximately 2 X 107 ¢.p.s. 
per ml. of the original sample. 
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A standard solution of HTO was prepared with an activity of 542 
c.p.s. per mm. (Table I). Dilutions of 1:2 and 1:10 of the standard 
with inactive water also were prepared, and the activity of each was 
measured. In Fig. 3 the activity is plotted against the relative HTO 
concentration expressed as a fraction of the concentration of the standard 
solution. The straight line relationship is taken as evidence of the validity 
of the method over the count range shown. It was found that the linearity 
fell off when samples possessing an activity higher than 60 ¢.p.s. were 


employed. For this reason highly active samples were measured by — 


COUNTS PER SECOND 


oO 
RELATIVE CONCENTRATION OF HTO 


Fic. 3. Relationship of counts observed to the relative concentration of HTO 
in inactive water. The activity of the three solutions was measured by making counts 
in each case on at least five separate fillings of the counter tube containing different 
pressures of water vapor, and taking the slope value of these five points as the activity 
of the solution. 


aliquot dilution to a suitable range. The deviation from a straight line 
also occurred when water vapor pressure in excess of 2 to 3 mm. of Hg 
was used in the counter tube. 

A stock solution prepared from another target was found, by aliquot 
dilution, to contain 2128 ¢.p.s. per mm. ‘Two adult male rabbits wer 
fasted, with drinking water ad libitum, for 24 hours preceding the exper- 
ment. Rabbit A received 5.09 ml. of the stock solution from a calibrated 


syringe directly into the blood stream by an ear vein at the rate of 1 ml 
per 15 seconds. Blood samples were withdrawn by heart puncture inte — 
centrifuge tubes containing heparin at intervals of 21, 58, and 132 minutes 
following the injection. The plasma was separated and stored in the frosea 
state for subsequent activity measurement. Rabbit B received 1.96 ml. 
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of the stock solution, and blood samples were withdrawn at intervals of 
33 and 61 minutes in like manner. 

As shown in Table II, calculations were made of the total body water 
content, following the measurement of the plasma tritium activity. The 
simple formula, A; X V; = A: X V2, was used for this purpose. A; 
is the activity of tritium, expressed as c.p.s. per mm., in the stock solution, 
V; is the volume in ml. of the stock solution injected, A: is the activity 
of tritium in a body fluid, e.g., plasma or urine, after equilibrium has been 
established, and V; is the volume in ml. of body water. V2; may be convert- 
ed to units of weight by multiplying by the density of water at 38°, 0.993, 
and may then be expressed as a fraction of the total body weight. Total 
body weight of the rabbits was taken as the depilated weight. 

Total body water was also estimated on the basis of a constant fraction, 
73.2 per cent, of the lean body mass, after measurement of the total body 


Taste Il 
Activity of Stock Solutions of HTO Injected into Rabbits and Human Subjects 


Stock solution Dilution HTO activity | HTO activity Volume Total HTO 
employed factor measured of stock injected injected 
CPs. per mm. | per mm. mi. 
RS (Rabbit A) 312.5 6.81 2,128 5.09 10,832 
312.5 6.81 2,128 1.96 4,171 
ES (human) 5000 6.08 30, 400 5.09 14, 736 


fat by the body specific gravity method (2). Specific gravities of 1.040 
and 1.047 of the eviscerated carcasses were obtained for Rabbits A and B, 
respectively. These correspond to fat contents of 29.1 and 25.3 per cent 
of the total body weight. The total body water estimates by this method 
are shown in Table III. 

Finally, total body water of the rabbits was measured by the weight 
change during desiccation. The two animals were dissected into small 
pieces, care being taken to avoid tissue loss in the process, and placed in 
flat pans. ‘The tissue was dried in a hot air blast oven at 90° for 13 days, 
and weighed at intervals during this period. After 7 days, weight loss 
occurred at a very slow constant rate, increasing from the 7th to the 13th 
day by less than 1 per cent of the total weight loss; consequently, the 
weight loss after 7 days of drying was arbitrarily assumed to represent 
the total body water. Total body water estimates by this procedure 
are included in Table III. 

A stock solution of HTO of high specific activity was prepared from 
a beryllium target which had received more than 100 hours of bombard- 
ment. After removal of an aliquot for activity measurement, 5.09 ml. 
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of the solution were introduced in the antecubital vein of a 19 year-old | 


normal male human subject, 184 cm. tall and weighing 70.78 kilos. At 
intervals of 30 minutes and 1, 2, and 3 hours, blood samples were withdrawn 
from the antecubital vein and the plasma was stored for tritium activity 
measurement. Total body water content was calculated from these meas. 
urements, and the results are given in Table Ill. The body specific 
gravity of the subject was found to be 1.077, corresponding to 11.0 per 
cent total body fat. Total body water content calculated from these data 
is also given in Table III. 


Estimation of Total Body Water by Various Methods in Rabbit and Human 


i 
Time after | Plasma Total Total | Total 
HTO injection weight fat on 
Ars | min. hg. = = 
Rabbit A Desiccation 3.502 55.5 
Sp. gr. 3.5002 29.1 | 51.9 
dilution | 21 | 5.80; 3.502 52.9 
| 58 |5.37!] 3.502 57.2 
2 | 12 | 5.68! 3.502 54.5 
Rabbit B - Desiceation | | 2.881 55.9 
Sp. gr. | 2.881 | 25.3) 47 
HTO dilution 0 33 | 2.42) 2.881 50.4 
1 | 2.51 | 2.881 57.3 
Human Sp. gr. 70.78 11.0 | 65.2 
HTO dilution 0 30 | 3.02 | 70.78 71.9 
OO | 3.49 | 70.78 62.2 
2 0O | 3.21 | 70.78 67.6 
3 OO | 3.40) 70.78 64.3 
DISCUSSION 


From the data in Table III it appears that tritiated water may be used 
for the estimation of total body water within 10 per cent of the true value, 
an error comparable with that in the deuterium oxide method. Much 
of the error is probably attributable to the uncertainty in the measurement 
of activities of } to 2 times background value, which was unavoidable in 
the present instance. The anticipated availability of tritiated water of 
higher specific activity and improvements in the technique of measure 


ment of tritium activity may be expected to lessen the error considerably. | 


The time for the bulk of the HTO to reach equilibrium with the body 
water in man after intravenous injection is apparently close to 1 hour. 
This agrees well with the time for equilibration of D,O found by Moore 
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“old (22), and may be compared with the value of 24 hours found by Hevesy 
At and Hofer (19) when D,O was taken by mouth. Equilibration time was 
— apparently shorter in the case of the rabbits, and is estimated to be not 
vity over 30 minutes. Flexner et al. (21) found that equilibrium in the guinea 
“a pig, following injection of D,O, was practically completely established 
cific in 10 to 12 minutes. It would appear then that the rate of equilibration 
| per in the various mammals is related to body size. 
lata The value for total body water of the human subject, by H'TO dilution 
and by taking the mean of the 1, 2, and 3 hour determinations (Table I11), 
was 64.7 per cent of the body weight. The total body water value cal- 
culated as 73.2 per cent of the lean body mass of this subject was found 
to be 65.2 per cent of the total body weight, thus providing further sub- 
+- stantiation for the concept of the relative constancy of the water content 
water of the lean body mass of the normal adult mammals (2). For their sub- 
, ject, Hevesy and Hofer (19) found a value of 63 per cent for total body 
om water, which is likewise in accord with generally accepted values. On 
55.5 _ the other hand, Moore (22) obtained a relatively high value of 72.5 per 
1.9 cent for the total body water of his subject who, although apparently 
772 | quite lean, did not appear abnormally lean from the height and weight 
4.5 data given. A somewhat high value of total body water of 67.85 per cent 
55.9 was also reported by Mitchell e¢ al. (1) on a cadaver whose water content 
ov was measured by desiccation. 
=e It will bear reiteration that variation in body fat content is sufficiently 
55.2 large to cause appreciable differences in the values of other body compo- 
71.9 nents when these are referred to total body weight. For example, the body 
52.2 water content may vary from 50 per cent in obese individuals to 70 per 
57.6 cent of the total body weight in lean individuals, and yet the water content 


a 

‘ 

é 


=e may be a constant fraction of the fat-free body mass. For this reason, 
measurements of total body water should be accompanied by an estimate 
of total body fat whenever a comparison of values for individuals is made. 
used Appreciation is expressed to the following for assistance in the course 


alue, of this work, which was thereby materially aided: Mr. D. B. Cowie and 
fuch the cyclotron crew of the Department of Terrestrial Magnetism, Carne- 
nent | gie Institution of Washington, for provision of the tritium and many 
le | valuable suggestions on technique, Lieutenant M. Eicher, H(S), U.S. N. R., 
or of of this Institute for construction of the counting circuit, and Mr. A. D. 


sure | Mack for considerable assistance in the design and construction of the 
ably. "vacuum systems. 

body SUMMARY 
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1. Methods are described for the preparation of water containing the 
radioactive isotope of hydrogen, tritium, and for the determination of 
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tritium activity in the form of water vapor from tritiated water and body 
fluids. 
2. Total body water was estimated in two rabbits and a human by dily- 


tion of tritiated water administered intravenously. The results agreed 
well in the case of the rabbits with the water content determined by des. — 


iccation of the carcasses, and the water content calculated as 73.2 per 
cent of the lean body mass after measurement of total body fat by the 
specific gravity technique. In the case of the human, very good agree- 
ment was also obtained between the results from the tritium dilution 
method and the body specific gravity method. 

3. Less than 30 minutes were required for essentially complete distri- 
bution of the tritiated water in the body water of the rabbits, and approxi- 
mately 1 hour for the human. Consideration of these data and those of 
other investigators with deuterium oxide indicates a relationship between 
body size and rate of equilibration. 


4. The tritium method at present appears to yield results with an accu- | 
racy as good as that obtaining by the use of deuterium, and greater accuracy 


is expected with improvements in technique and the forthcoming availa- 
bility of tritium of higher specific activity. 
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METABOLISM OF STEROIDS BY TISSUES 


I. DETERMINATION OF TESTOSTERONE AND RELATED STEROIDS 
IN TISSUE EXTRACTS* 


By LEO T. SAMUELS 


(From the Department of Biochemistry, University of Utah School of Medicine, 
Salt Lake City) 


(Received for publication, December 4, 1946) 


Since the steroid hormones are formed in, act upon, and are metabolized 
by animal tissues, methods by which these compounds could be determined 
in tissue extracts would enable the investigator to study their metabolism. 
By the method of preparation of tissue extracts to be described, testosterone, 
androsterone, and other neutral keto steroids can be recovered quanti- 
tatively in sufficient purity to enable various colorimetric and spectro- 
photometric methods to be applied. In our laboratory the method has been 
particularly applied to tissues incubated with added hormone, and the 
description of procedure is based on such a preparation. By suitable 
modification of the preliminary procedure, the method has been applied to 
blood and perfusing fluids. The three essential steps are (a) the removal 
of most of the protein, (b) chromatographic adsorption, (c) distribution 
between immiscible solvents. 


Method 


The method as finally developed is as follows. The minced tissue in 
the incubating fluid is boiled under a reflux for 20 minutes to destroy all 
enzymic action and to coagulate protein. The flask containing the mixture 
is cooled in a cold water bath while still attached to the condenser, and the 
condenser is washed down with a small amount of ethanol. This is 
followed by a larger amount of ethyl ether. When the volume of the 
original mixture is 25 ec., 2 ec. of ethanol and 15 ce. of ether have proved 
satisfactory. 

The aqueous layer is now thoroughly extracted with ether. The ordinary 
continuous liquid extractors have not proved satisfactory because the tissue 
mass is not broken up. Instead we have used a discontinuous method. 
The aqueous-ether mixture is poured quantitatively into a centrifuge tube, 
the capacity of which is at least 3 times the volume of the original aqueous 
suspension. For the 25 cc. portions already mentioned 80 to 100 ce. centri- 
fuge tubes are suitable. The ether, tissue, and water are then thoroughly 


* This work was supported by grants from Ciba Pharmaceutical Products, Ine., 
Summit, New Jersey, and from the Rockefeller Foundation. 
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mixed together by a stirring motor or by a rapid up and down motion of a 
stirrer for 2 minutes. 

After stirring, the tubes | are centrifuged to break the emulsion, and the 
ether layer is blown off into an Erlenmeyer flask with a ground glass joint, 
The extraction is then repeated four additional times. 

The combined ether extracts are evaporated to dryness in the giasgs- 
jointed flask. To the residue 20 cc. of redistilled pentane (Skellysolve A) 
are now added and the flask is stoppered with a glass stopper and allowed to 
stand 4 hours at room temperature or overnight in the refrigerator. This 
standing is important, as the hormones have only a low solubility in pentane 
and dissolve slowly. 

A chromatographic column is now prepared with Baker and Adamson’s 
aluminum oxide, reagent grade ignited. Merck’s aluminum oxide, accord- 
ing to Brockmann, is too retentive. The column of aluminum oxide is 10 
mm. in diameter and 50 mm. long. It is packed by gentle tapping while 
being filled. A small plug of Corning glass wool is used at the bottom 
of the column. 


The following solutions are then passed through the column and collected _ 
as indicated, care being taken not to let any air enter the column between _ 
fractions: 10 cc. of pentane, 20 cc. of pentane solution of sample, 30 cc. — 
of pentane, 15 cc. of 10 per cent CHC; in pentane, 75 cc. of 25 per cent — 


CHCl, in pentane, 50 cc. of CHCl, collected as the discard, Fraction A, 
Fraction A, Fraction B, Fraction C, Fraction D, respectively. Fraction 
C contains the hormones mentioned, but Fractions B and D are usually 
checked if any new tissue or hormone is being studied or a new batch of 
aluminum oxide is being tested. 

Fraction C is now evaporated to dryness, redissolved, and rinsed into a 
separatory funnel with 20 cc. of pentane or petroleum ether and 20 cc. of 70 
per cent ethanol in water. The two layers are shaken together and the 
alcohol layer is drawn off and saved. The pentane layer is again extracted 
with 15 cc. of 70 per cent ethanol and the ethanol layer combined with the 
previous portion (1). The pentane is now discarded. 

The combined 70 per cent ethanol layers are now transferred to a 
separatory funnel; 15 cc. of water are added, and the solution extracted with 
three 15 cc. portions of CHCl;. The chloroform extract is then evaporated 
to dryness. This step can be eliminated if it is more convenient to evapo 
rate the 70 per cent ethanol solution to dryness at 50° underavacuum. The 
ethanol and water cannot be evaporated on the steam bath at atmospheric 
pressure, however, without loss of some testosterone. 

The material so prepared usually is colorless and semi-crystalline. It 
can be dissolved in ethanol or other suitable solvent and used in methods 
involving concentrated sulfuric acid such as the Koenig and Samuels (2) 
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method for testosterone, or, with strong base, as in the modified Zimmer- 
mann reaction (3). It will also give good curves in the ultraviolet 
region of the spectrum. 


DISCUSSLON 


The over-all recoveries with hormone plus boiled tissue are given in 
Tables I and II. The tissues were minced and washed into a 125 ce. 
Erlenmeyer flask in which the hormone was dissolved in 0.15 cc. of ethanol. 


Tasie I 
Recovery of Various Steroids from Liver Ertracts* 


Amount Amount 
(ultraviolet)? | (colorimetric) 
7 7 
Testosterone 200 202 201¢ 
200 195 216f 
“ 400 386 
400 385 
400 402 402} 
400 398 4013 
Methyltestosterone 200 197 
Progesterone 200 212 
200 197 
7 400 395 
Testosterone diethylaminoethy! carbonate 300 289 269} 
hydrochloride 
Mixture of testosterone 200 199 197t 
+ androsterone 400 367 § 


* Enzymic action of the tissue suspension was stopped by boiling immediately 
after the introduction of the steroid. 

t Based on the absorption band at 238 my, due to a,8-unsaturated ketone. De- 
termination made on a Beckman spectrophotometer. 

$ Determined by the colorimetric reaction of Koenig et al. (2). 

§ Determined by the Callow modification of the Zimmermann reaction (3). 


Usually 25 cc. of Locke’s solution were used to wash in the tissue. The 
mixture was then brought to a boil to stop enzymic action on the hormone. 
The extraction was carried out as described. 

The greatest problem in applying steroid reactions to tissue extracts is 
that the other lipides also give colors with the strong reagents used, or 
absorb in the ultraviolet spectrum. Unsaturated aliphatic compounds are 
particularly bad. Neither partition between 70 per cent ethanol and 
pentane nor chromatography alone yielded sufficiently pure extracts, but a 
combination of the two was effective. 
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The sequence must be chromatography, followed by partition, rather than 
vice versa. Attempts to reverse the order always resulted in significant 
amounts of interfering lipides. The chromatographic column apparently 
removes some substance which affects the partition; either this or a certain — 
amount of lipide material is heldin the column, even when the total fat 
is lowered by carrying out the partition first, and this is always washed 
through in subsequent fractions. 

Obviously in using any new steroid its distribution in the chromatographic 
eluates must be determined before the method is applied. The fractions . 
described are sufficiently coarse to yield testosterone, androsterone, pro- 


Taste Il 


Recovery of Added Testosterone from Extracts of Tissue Boiled in Locke's Solution, 
Estimation by Koenig Colorimetric Method 


Amount recovered 


Tissue Weight (300 added) Recovered 

om. 7 per cent 
Rabbit liver 1.15 200 100.0 
1.17 210 105.0 
‘* uterus 0.71 192 06.0 
0.92 215 107.5 
Mouse tumor 0.705 196 OS .0 
0.626 210 105.0 
0.510 18S “4.0 
0.420 192 06.0 
0.506 206 103.0 
Rat liver 1.47 IM 92.0 
1.2s 1S7 93.5 
1.14 100.5 
0.825 187 93.5 


gesterone, and similar compounds in the 25 per cent chloroform fraction. 
Other steroids may come out in the other fractions, however. One may 
wish to fractionate the steroids further on the column. This can be done 
by using smaller increments of chloroform. The procedure used here was 
best adapted for our particular studies, but a wide range of variations in 
this step may be used. 


SUMMARY 


A method of extraction has been described whereby steroid hormones | 
may be isolated from tissues in suffident purity to permit the application 
of various steroid reactions involving strong reagents. The basis of the 
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method is a chromatographic separation followed by partition between 70 
per cent ethanol and pentane or petroleum ether. Recoveries are within 
the limits of error of the techniques of estimation used. 
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METABOLISM OF STEROIDS BY TISSUES 


II. THE ENZYMIC DESTRUCTION OF TESTOSTERONE 
BY LIVER TISSUE* 


Br LEO T. SAMUELS, CARLEY McCAULAY, ann DOROTHY M. SELLERS 


(From the Department of Biochemistry, University of Utah School of Medicine, 
Salt Lake City) 


(Received for publication, December 4, 1946) 


The mechanisms whereby testosterone is inactivated in tissues have been 
the subject of considerable speculation, but little direct information has 
been obtained. Advantage was taken of a method of isolation of steroids 
from tissue extracts (1) together with a relatively specific color reaction 
(2) and ultraviolet absorption to study the reaction of liver mince with 
testosterone. 

Biskind (3) has demonstrated by implantation experiments that testos- 
terone is inactivated by the liver. In rats suffering from a deficiency of 
the vitamin B complex, the livers were still able to destroy this hormone 
but not estrogen (4). Danby (5) reported that male hormone added to 
blood largely disappeared during perfusion through dog livers or cow 
kidneys. She did not observe any destruction when testosterone, andres- 
terone, or dehydroandrosterone was incubated with liver or kidney pulp 
in vitro. Here again the destruction of testosterone appears to differ from 
that of estrogens; Zondek (6) reported that even dried powders and cell-free 
extracts of liver destroyed the latter. Thus the evidence for enzymic 
destruction of the androgens is definitely less satisfactory than for the 
estrogens. In the case of the androgenic hormones the evidence has been 
based on biological assay and cannot be interpreted chemically. 


EXPERIMENTAL 


Animals which furnished the tissue for these studies were decapitated 
with a heavy sharp knife and allowed to bleed freely, The tissues were 
then removed and quickly minced with an instrument made up of a series 
of safety razor blades separated by 0.20 mm. dividers. Samples of human 
liver were obtained by biopsy during abdominal operations and were minced 
as soon as possible thereafter. The minced tissue was weighed immediately 
and washed into a flask with the buffer solution to be used. The composi- 
tion of the buffer solution was as follows: KC] 0.0056 mu, MgCl, 0.0021 , 
NaCl 0.08 «, Na,sHPO, + NaH;,PO, buffer, pH 7.4, 0.04 m, glucose 0.1 
per cent. 


* This work was supported by grants from Ciba Pharmaceutical Products, Inc., 
Summit, New Jersey, and from the Rockefeller Foundation. 
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If an inhibitor was used, an equivalent amount of sodium chloride was 
eliminated. The solutions were adjusted to pI] 7.3 to 7.4. 

After the mince was washed in, the flask was immediately closed with a 
glass stopper and placed in a revolving agitator within a constant temper- 
ature bath at 38.5°. 5 minutes were allowed for the tissue suspension to 
come to temperature equilibrium, incubation time being computed as 
beginning after this interval. At the end of the incubation the solution 
in the flask was quickly brought to a boil and refluxed for 20 minutes, 
The procedure already described (1) was then used for extracting the tissues, 
The final residue was dissolved in 2.00 ec. of absolute ethanol for analysis. 

For determination of testosterone, 0.4 cc. of the aleohol solution was 
used. The procedure was that described by Koenig ¢f al. (2) with the 
following modification: a heating time of 6 minutes at 70° was substituted 
for the first 2 minutes of heating at the temperature of boiling water. 

To measure 17-ketosteroids, the Zimmermann reaction was carried out 
on 0.2 ec. of the alcoholic solution by the method of Callow (7). 

The ultraviolet absorption spectrum was determined in absolute ethanol 
with the Beckman spectrophotometer. Ordinarily 0.4 ec. of the aleoholie 
solution was used with 3 ec. of ethanol. The absorption band at 238 mg 
due to the a,8-unsaturated ketonie group was used for the determination. 

To determine whether conjugation was the major route of inactivation, 
two hydrolytic procedures were used at different times. To some of the 
early samples 6 ec. of concentrated hydrochloric acid were added before 
refluxing for 20 minutes. The extraction was then carried out from the 2.3 
acid solution. 

In a later experiment all samples were extracted by the regular procedure. 
To the aqueous suspensions after extraction, however, either sulfurie acid 
was added to a concentration of 1.4 N or sodium hydroxide to 0.1. N. The 
solutions were then allowed to stand at room temperature for 16 hours 
and reextracted. This extract was then carried through the usual analytical 


procedure. 
Results 


Effects of Different Tissues—The results of the aerobic incubation of 
testosterone with minced liver tissue from four different species (rat, 
rabbit, mouse, and human) are given in Table I. The rate of destruction 
varied between different livers, but the range was about the same among 
the different species. The animals used were all adults and apparently in 
good health. The rats and mice had been on a diet of Purina fox chow for 
at least 1 month, but their ages varied. 

Recoveries from rabbit uterus, rat prostate and seminal vesicle, and mouse 
mammary carcinoma are also tabulated in Table II. These tissues did not 
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change the testosterone molecule sufficiently to be measurable by the 
methods used. 


Taste I 
Rate of Destruction of Testosterone by Individual Livers of Different Species 


Y per gm. per br. 
Mouse Rabbit 
157 160 171 222 (M.) 
121 221 IM 236 (40 yrs., M.) 
175 127 194 109 (45 
149 159 07 (34 ) 
116 102 125 (34 F.) 
218 207 
203 194 
311 
Il 
Testosterone Not Significantly Destroyed by Tissues of Secondary Sex Organs 
Testosterone 
Tiscue Condition Weight ~ Recovered 
method) 
em. me me. per cent 
Rabbit Uterus 1 Living 0.735 0.200 0.192 96 .0 
“ 0.460 0.200 0.190 95.0 
“ ne Boiled 0.410 0.200 0.202 101.0 
“ “ Living 0.44 0.200 0.194 97.0 
“ 2 1.41 0.200 0.197 98 
“ ie Boiled 0.71 0.200 0.192 96.0 
2 0.92 0.200 0.215 107.5 
Rat prostate Living 0.225 0.300 0.293 97.7 
0.165 0.300 0.292 97.3 
** seminal vesicle ” 0.510 0.300 0.275 91.7 
“ “ “ - 0.570 0.300 0.301 100.3 
Mouse mammary tumor % 0.626 0.200 0.210 105.0 
“ “ “ oe 0.893 0.200 0.204 102.0 
“ “ “ | Boiled 0.705 0.200 0.196 98 .0 


The Zimmermann reaction was run on all the samples and was negative. 


Evidence of Enzymic Character of Reaction—The reaction between liver 
mince and testosterone was found to depend on an oxidative enzyme system. 
Table III illustrates the comparative effect of various inhibitors. An 
atmosphere of nitrogen, the presence of 0.01 m cyanide, 0.05 m iodoacetate, 
0.05 m fluoride, or m/15 malonate all partially inhibited the reaction, as 
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measured by both analytical methods. 
inhibited the reaction completely. 


0.200 mg. of testosterone was added to each sample incubated. 


i. 
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Boiling for as little as 30 seconds 


The reaction therefore depends on an 
energy-yielding oxidative system apparently involving metals, sulfhydryl 
enzymes, and some portion of the Krebs cycle. 


Ill 
Effect of Enzyme Inhibitors on Ability of Liver to Destroy Testosterone 


Liver Inhibitor Testosterone Inhibition 
mg. mg. per gm. per hr. per cent 
Rabbit (4)* None 0.058 0.190 0 
(0.050-0.066) (0.176-0.218) 
@ Boiled 0.207 0 100 
(0.195-0.218) 
0.05 iodoacetate 0.166 0.058 69 
(0.164-0.167) | (0.056-0.060) 
on (3) None 0.068 0.184 0 
(0.053-0.082) | (0.164-0.211) 
Boiled 0.205 100 
(0.202-0. 208) 
0.01 NaCN 0.149 0.084 54 
” (2) None 0.028 0.169 0 
(0.024-0.031) | (0.162-0.180) 
Boiled 0.205 0 100 
(0. 200-0.210) 
™ (3) 0.01 wm KCN 0.089 0.081 53 
(0.081-0.097) | (0.072-0.087) 
Rat (3) None 0.140 0.083 0 
(0.130-0.148) | (0.074-0.093) 
(1) Boiled 0.200 0 100 
(3) Ne 0.181 0.026 60 
(0.166-0.193) | (0.012-0.042) 
” (3) 0.05 mu NaF 0.163 0.051 39 
(0.156-0.176) | (0.043-0.064) 
» (3) m/15 Na malonate 0.170 0.042 49 
(0.157-0.178) (0.037-0.052) 


* The numbers in parentheses indicate the number of samples incubated. 


As illustrated in Table IV, attempts to prepare an active suspension in 
which cellular organization was largely destroyed were unsuccessful. 
Disintegration of the tissue in the Waring blendor led to inactivation, even 
though carried out at 0-5° and inoubated subsequently with all phases 
present. 

Evidence against whether a compound was 
formed similar to androsterone sulfate isolated from human male urine by 
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Munson, Gallagher, and Koch (8) or sodium pregnanediol glucuronidate, 
isolated from normal and pregnant women’s urine by Venning and Browne 
(9), hydrolytic procedures were carried out. 

When hydrolysis was carried out on the crude material immediately after 
incubation, there was a loss from all samples; recovery from tissue boiled 
before enzyme action could take place was 62.5 to 68 per cent of the 
hormone added. Apparently the compound was partially destroyed by 


Taste IV 
Effect of Disintegration in Waring Blendor on Ability of Liver Tissue to Destroy 
Testosterone 
| Testosterone recovered 
Testos- 
Liver Weight Treatment atk 
Koenig Aver- Stroyed 
tion age 
spectrum 
mg. per 
em. mg. me. me me. | per cent 
Rabbit 1. Waring blendor, 0.200 | 0.156 | 0.155 (0.156 (0.042 
5°; under N; | 78.3 
“ boiled | 1. 200 0.204 100 
0. Mince .200 | 0.044 | 0.082 (0.063 (0.211 
™ 0.7 i .200 | 0.054 | 0.070 (0.062 (0.177); 0 
0. .200 | 0.038 | 0.053 0.045 (0.164 
* boiled | 0.77 > .200 | 0.201 | 0.204 10.202 100 
as > 0.7 sa .200 | 0.234 | 0.208 0.221 100 
Rat 1.00 | Waring blendor (0.300 | 0.302 00 
“ 1.00 .300 | 0.309 
0.740} Mince .300 | 0.092 | O 
4 1.25 | Waring blendor, 0.300 | 0.212 .070 
| 74.1 
1.25 ge .300 | 0.224 .061 
“ 0.313,“ 300 | 0.272 | 089 


boiling in the highly acid medium in the presence of tissue. The dif- 
ference between living tissues and those boiled before incubation still re- 
mained, however, the average recovery from living tissues being only 26 
to 42 per cent of added hormone, depending on the amount of tissue used. 
The evidence, therefore, indicates that conjugation alone probably did not 
account for the destruction. 

To avoid the destruction of unchanged testosterone by the acid medium, 
a second procedure was adopted. The regular extraction was carried out, 
and the aqueous layer, including the suspended tissue, was then hydrolyzed 
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with weak acid or weak base. This solution was then extracted and 
analyzed by the regular procedure. No testosterone, no a,§-unsaturated 
ketones, and no 17-ketosteroids were recovered. 

It seems highly improbable, therefore, that the disappearance of testos- 
terone, as measured by these methods, is the result of conjugation either 
with detoxifying groups or with proteins. 


DISCUSSION 


It seems apparent from the data presented that the destruction of 
testosterone in liver tissue is an enzymic series of reactions involving 
oxidation. Whether the direct reaction involving testosterone is oxidative 
cannot be decided in such a complex system. Unfortunately, so far we 
have been unable to carry out the reaction in simple systems such as those 
used by Graubard and Pincus (10) or Westerfeld (11) with estrogens. The 
former workers were unable to inactivate testosterone with laccase under 
conditions which were effective for estrone. 

The reaction may involve a coupled oxidation-reduction; considering the 
ease with which the a,8-unsaturated ketonic group is reduced, this would 
seem most probable. Another possibility is that Ring A may be split by 
oxidation, yielding dicarboxylic acids. Certainly it seems unlikely that the 
hormone is oxidized to any stable, intermediate state which would involve 
additional double bonds or carbonyl groups; otherwise, one would expect 
absorption bands in the 220 to 350 muy region. 

The disappearance of the band at 238 my, as well as the decrease in the 
colorimetric reaction, rules out A‘t-androstenedione-3,17 or cis-testosterone 
as the final products of the enzymic change, since these would give both 
reactions. Neither is androsterone nor any other 17-ketosteroid the stable 
end-product, since the Zimmermann reaction was negative. It seems 
unlikely, therefore, that the major pathway of testosterone metabolism in 
the liver of the rat, mouse, or rabbit involves the androstenedione-andros- 
terone, etiocholanolone route postulated by many workers from the 
urinary excretion products following testosterone administration (12). 
Since androsterone is a significant excretion product when large doses of 
testosterone are given to rats or rabbits, it may be that this compound 
represents a metabolic pathway in these animals which is followed when the 
capacity of the normal system is exceeded. The other possibility is that 
androsterone is formed in some other organ. 

Recently Szego and Roberts (13) introduced evidence that the major 
portion of the circulating estrogen was present as a lipoprotein complex. 
Since they could not obtain estrogenic effects on the uterus of the eviscer- 
ated rat (14), they have suggested that the combination of estrogens with 
protein might take place in the liver and that this complex was the effective 
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agent. They found that the compound was easily split by partial hydrolysis 
with 0.1 N NaOH or 4 per cent (1.4. N) H,SO,. Since similar treatment of the 
protein residues with these reagents did not release any compounds of the 
a,8-unsaturated ketonic type nor any 17-ketosteroids, it does not seem 
likely that this type of combination accounts for the disappearance of 
testosterone measured in these experiments. Such a compound, however, 
may also be formed and broken down again to testosterone during the 
analytical procedure. 


SUMMARY 


1. With chemical methods of analysis it has been shown that the livers 
of the rat, mouse, rabbit, and human destroy testosterone. Rabbit uterus, 
rat prostate and seminal vesicle, and mouse mammary tumor tissue had 
no significant effect. 

2. The destruction was inhibited by boiling, cyanide, iodoacetate, 
fluoride, malonate, and an atmosphere of nitrogen. The reaction appears to 
be an oxidative enzymic one involving metals, sulfhydryl enzymes, and the 
Krebs cycle. Inhibition was not complete, except by boiling, and the 
hypothesis was introduced that the usual oxidative systems form some 
substrate which is directly utilized in the reaction with testosterone. 

3. No evidence was found that conjugation was a major factor. Since 
the absorption band at 238 my decreased as the color reaction diminished, 
it appears that the a,8-unsaturated ketonic linkage was destroyed. Since 
no new bands appeared in the region of 220 to 350 my, carbonyl groups seem 
to have been destroyed. No evidence of the formation of 17-ketosteroids 
was found. 
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THE PHENYLALANINE AND TYROSINE CONTENTS 
OF CHICKS AND EGGS* 


By C. R. GRAU 


(From the Division of Poultry Husbandry, College of Agriculture, University of 
California, Berkeley) 


(Received for publication, January ‘7, 1947) 


One of the most direct methods of studying the metabolism of such closely 
related amino acids as phenylalanine and tyrosine is to estimate the amino 
acid contents of the animal carcass at the start of the experiment, calculate 
the intakes from feed consumption data, and determine the amino acids 
present at the end of the experiment. By the use of proper diets, infor- 
mation can thus be obtained concerning the extent of conversion of one 
amino acid into another and the efficiency of utilization of amino acids under 
various dietary régimes. 

The present report is concerned with the determination of the phenyl- 
alanine, tyrosine, and nitrogen contents of chick carcasses at various 
stages of growth and with certain changes which occur as egg protein is 
transformed into chick protein. 

The data on the amino acid contents of entire animals are sparse and 
variable. Block and Bolling (1) found 3.5 to 4.3 percent phenylalanine and 
2.9to3.6 per cent tyrosine in the crude protein (N X 6.25) of entire rats; age 
had no effect on the amino acid content. Albanese (2) found 4.8 per cent 
phenylalanine in the crude protein of mature rats. Calvery (3) studied 
the changes in the tyrosine content of the egg during incubation, and found 
that the tyrosine content of embryo protein decreases with age, while that 
in the yolk and white remains constant. Munks et al. (4) found 5.8 per 
cent phenylalanine and 4.8 per cent tyrosine in the protein of whole eggs. 

In the present study, the method of hydrolysis of the whole chick had to 
be suitable for phenylalanine, tyrosine, and nitrogen analyses; hence, acid 
hydrolysis was used in order to destroy tryptophane, which is said to inter- 
fere with the analyses for tyrosine and phenylalanine. 6 N sulfuric acid 
was used instead of 6 Nn hydrochloric acid, because the high level of 
chloride interferes with the Millon color reaction for tyrosine. Before the 
chick carcasses could be analyzed, it was found necessary to develop certain 
modifications of the original Kapeller-Adler and Millon methods for 
determining phenylalanine and tyrosine, respectively. 

Kapeller-Adler Method for Determining Phenylalanine—The original 
method (5) has been studied and modified by Block et al. (6, 1), by Brown 
(7), by Albanese (2), and by Hess and Sullivan (8). In applying the method 


* This investigation was aided by a grant from the Nutrition Foundation, Inc. 
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of Albanese (2), it was found that introduction of the aliquots directly into 
50 ml. volumetric flasks eliminated transfer from evaporating dishes, and 
made it possible to dry a large number of flasks simultaneously. Since 
more intense cclor was obtained when flasks were used (rather than evapo- 
rating dishes), the sensitivity was increased (Fig. 1, lower curves). The 
differences in the transmittance curves reflect the slight color differences 
cbtained with the two methods; the violet tinge of the original color was 
replaced by a reddish brown. Albanese, who used a photoelectric color- 
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Fic. 1. Transmittance curves of the color produced by 3 mg. each of phenylalanine 
tyrosine, and histidine, according to the modified Kapeller-Adler method described 
in the text. In the two lower curves, a comparison is made between the original 
(evaporating dish) method and the flask method used in the present study. The 
histidine and tyrosine colors were produced in flasks. From these data, \ 550 my was 
chosen as the wave-length at which readings were made. 


imeter to measure the color, found that, in order to eliminate erroneously 
high values, tyrosine and histidine had to be destroyed. Tyrosine was 
destroyed by KMn0Q, in acid solution, and histidine was adsorbed when 
the solution was passed through a column of permutit. Tryptophane 


presented no problem, because Albanese used an acid hydrolysate. Brown. 


(7) used a spectrophotometer, but since he used an alkaline hydrolysate, 
tryptophane had to be removed by precipitation as the mercury salt. 
Brown used an aliquot to which no hydroxylamine was added as a standard, 
instead of a more reproducible standard such as water. Among the 
modifications which were introduced in the present study to increase the 
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accuracy were reduction for 10 minutes at 0°, rapid addition of the base, 
and color development at room temperature for 50 to 60 minutes. 

The following method was finally used in all determinations (which 
were carried out in triplicate). An aliquot containing | to 4 mg. of phenyl- 
alanine was pipetted into a 50 ml. volumetric flask containing a boiling 
chip | to3 mm. in diameter. ‘The flask was placed in an oven at 110—120° 
until the sample was dry or until a thick svrup was obtained, after which 
2 mi. of a solution of potassium nitrate in concentrated sulfuric acid 
(20 gm. plus 100 ml.) were added, and a small test-tube was inverted over 
the neck of the flask. Nitration was carried out for 30 minutes at 110-120°. 
The flask was cooled, 5 ml. of water were added, the vessel was again 
cooled, and 5 ml. of a solution containing 10 gm. of hydroxylamine hvdro- 
chloride and 20 gm. of ammonium sulfate per 100 ml. of solution were added. 
After 10 minutes in an ice bath, 20 ml. of 20° per cent sodium hydroxide 
were added rapidly with effective agitation. The flask was cooled in ice 
water to room temperature, diluted to the mark with water, and allowed 
to stand at room temperature for 50 to 60 minutes, when the color was 
measured at \ 550 my with a Coleman (model 11) spectrophotometer. 

In addition to the transmittance curves for phenylalanine, Fig. 1 con- 
tains curves for tyrosine and histidine, the two amino acids which have 
been reported to interfere with the Kapeller-Adler method. At » 550 
my, the transmittance values obtained with tyrosine and histidine are very 
high; hence these amino acids need not be removed prior to analysis. 
(Even tryptophane has a transmittance value of 98 per cent at \ 550 mg, 
and so it would not interfere if alkaline hydrolysates were used.) The 
straight line obtained when the transmittance was plotted against the con- 
centration on semilogarithmic paper attested to the adherence to Beer's 
law. 

In the analysis of chick carcass hydrolysates, it was found that decolori- 
zation by charcoal without prior neutralization removed large amounts 
of amino acids. Since neutralization was not required, all determinations 
were made without decolorization. 

Modified Millon Method for Tyrosine —The following method is essentially 
the same as that used by Folin and Marenzi (9), modified by Block and 
Bolling (1). Duplicate aliquots of a protein hydrolysate containing 0.5 
to 1.0 mg. of tyrosine were pipetted into tubes marked at 40 ml., 20 ml. of 
mercuric sulfate reagent! were added, and the tubes were placed in boiling 
water for 10 minutes. After being cooled to 30°, 1 ml. of 0.8 per cent 
sodium nitrite was added, water was added to the mark, and the solution 


'75 gm. of mercuric sulfate are dissolved in a mixture of 150 ml. of concentrated 
sulfuric acid and 500 ml. of water and made to 1670 ml. with water. 
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was filtered through dry Whatman No. 42 paper. After 10 minutes the 
red color was measured at \ 475 my with a Coleman spectrophotometer, 

No color was obtained when this method was applied to phenylalanine, 
histidine, or tryptophane. 

Analyses of Chick Carcasses—A chick was killed by carbon tetrachloride 
vapor and its digestive tract was removed. The tract was opened, washed, 
and put with the remainder of the carcass into a wide mouthed, 500 ml. 
Erlenmeyer flask. The weight of the bird thus cleaned has been designated 
the empty weight. 200 ml. of 6 N sulfuric acid were added, and the flask 
was put into an oil bath maintained at about 125°. A cold finger condenser 
prevented water loss. After 18 to 24 hours, the contents of the flask 
were diluted with hot water, filtered through wet, fluted filter paper 
(Whatman No. 12), cooled, and diluted so that 5 ml. aliquots could be 
used for the phenylalaniné analysis and 3 ml. aliquots for the tyrosine 
determinations. Nitrogen was determined by micro-Kjeldahl analysis 
of the filtrate. Less than 3 per cent of the total nitrogen was lost on the 
filter, as determined by Kjeldahl analysis of the residue. 

Chicks of several ages were analyzed for phenylalanine, tyrosine, and 
nitrogen by the methods described above. Groups of four chicks each 
were killed for analysis every 5 days for 30 days. The yolk sacs of the 
newly hatched chicks of the 4900 series (Table I) were removed and 
analyzed separately. The yolk sac membrane was included in this analysis. 
All chicks were fed a commercial type chick mash from the day of hatching 
until they were killed; they were not fasted before being killed. The 
empty weight was found to range between 77 and 91 per cent of the live 
weight, with a mean value of 87 percent. In Fig. 2, the individual phenyl- 
alanine, tyrosine, and nitrogen weights have been plotted on a double 
log grid against the empty chick weights. These curves have served as 
bases for estimating the aromatic amino acid and nitrogen contents of 
chicks of given weights when normal diets have been fed. 

The average phenylalanine and tyrosine contents of chick carcass protein 
(calculated to 16 per cent nitrogen) were found to be 5.61 and 3.26 per cent, 
respectively. The value for tyrosine lies within the range of the analyses 
reported by Block and Bolling (1) for rats, but that for phenylalanine 
is somewhat higher than the value for rat carcass protein already cited 
(cf. also the data for eggs, below). 

Analyses of Eggs—Four eggs including shell and membranes were 
hydrolyzed and analyzed in the same manner as were the chicks, with the 
results shown in Table I. The average value for phenylalanine, 455 mg., 
is somewhat higher than the value of 312 mg. obtained by Munks et al. 
(4) for eggs of the same size, but the tyrosine values are very similar 


(248 mg. against 258 mg.). 
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The efficiency of the embryo in using the nutrients available to it may 
be expressed as a percentage recovery (carcass content X 100 + egg con- 


Taste I 
Protein, Phenylalanine, and Tyrosine Contents of Eggs and Newly Hatched Chicks 
Weight of 
Weight | contents, Phenylalanine Tyrosine 
Egg 
379 56.0 50.4 5.95 11.8 413 6.95 237 3.99 
668 56.5 49.9 5.75 11.5 441 7.67 240 4.17 
748 | 58.5 | 52.6 5.99 11.3 467 | 7.80 255 | 4.26 
1048 58.5 52.6 6.23 11.8 499 8.00 255 4.09 
Chick carcass minus yolk sac 
4901 29 3.97 13.7 228 5.75 121 3.04 
| 4902 | 29 4.03 | 13.9 208 | 5.16 124 | 3.07 
4903 | 29 3.59 12.4 220 | 6.29 128 | 3.56 
4904 | 26.5 3.19 12.0 190 | 5.96 1066 | 3.38 
Yolk sac 
4901 | 5.08 1.32 26.0 99 | 5.98 49 | 3.70 
4902 5.85 1.28 21.9 105 8.21 51 3.99 
4903 4.07 0.87 19.7 60 6.90 31 3.90 
4904 | 7.80 2.48 31.8 148 | 6.37 67 | 2.70 
Chick carcass plus yolk sac 
4901 | 34 3.29 15.6 327 | 6.20 170 | 3.22 
4902 | 35 5.31 15.2 313 | 5.89 175 | 3.30 
4903 | 33 4.39 13.3 286 | 6.53 159 | 3.62 
4904 34 5.67 16.7 338 5.96 173 3.05 
4738 | 37 5.45 14.7 338 | 6.20 198 | 3.64 
4739 39 5.88 15.1 339 5.76 194 3.30 
4740 35 5.51 15.7 333 6.05 193 3.50 
4741 37.5 5.75 15 3 349 6.07 198 3.44 


* Total weight x 0.9. 


tent), but probably a more adequate measure of efficiency is obtained 
when the yolk sac contents of the hatched chick are taken into account. 
Approximately 15 per cent by weight of the newly hatched chick is yolk 
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Fig. 2. Individual values of the phenylalanine, tyrosine, and nitrogen contents of 
normal chick carcasses. The straight lines were drawn by inspection. 


Tape Il 
Efficiency of Utilization of Protein and Aromatic Amino Acids by Chick Embryo 
All chick data corrected to a live weight of 36.5 gm.* 


| Protein Phenylalanine | Tyrosine 
Yolk sac, hatched chick | 1.60 111 53 
Difference ARM 4.38 344 | 108 
Chick carcass minus yolk sac. 3.96 | 228 129 
Recovery by embryo, % .....___. 90 | 66 | 65 


* From the eggs analyzed, chicks would have hatched which would have weighed 
about 36.5 gm., instead of 34 gm., the actual weight of the chicks analyzed. The 
hatched chick weight is about 64 per cent of the original egg weight, according to 
data summarized by Needham (11). 
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material (10) which has not been metabolized” and should not, therefore, 
be included in the efficiency calculations. From Table I], where the 
efficiency data caleulated in this way are summarized, it is apparent that 
there is no net interchange of phenylalanine and tyrosine during embryonic 
development and that the amino acid recovery is lower than that observed 
with total crude protein. These high efficiencies of utilization of egg amino 
acids are never approached by the chick after hatching; a 40 per cent 
recovery of feed amino acids in the careass is fairly high. 


SUMMARY 


The Kapeller-Adler and Millon methods for the colorimetric deter- 
mination of phenylalanine and tyrosine, respectively, were modified and 
used to determine the contents of these amino acids in chicks of various 
ages and in whole, unincubated eggs. 

The logarithm of the amino acid or nitrogen contents when plotted 
against the logarithm of the empty carcass weight gives a straight line from 
hatching to 30 days of age. 

Approximately 65 per cent of the phenylalanine and tyrosine present 
in the egg before incubation is recoverable in the carcass of the hatched 
chick. 90 per cent of the crude protein (N x 6.25) is recoverable. 
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* That the percentages of amino acids in the yolk protein remain endenens Dicken 
development was demonstrated by comparison of analytical results for fresh yolk 
with the data for yolk sac given in Table I. All of the four fresh yolks analyzed con- 
tained protein of amino acid content within the range of the yolk sac values. 

* This feed recovery figure is based on direct data for phenylalanine and tyrosine 
to be published subsequently as well as on published indirect data of feed consump- 
tion and weight gain. 
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THE HYDROLYSIS OF PHOSPHOCREATINE AND THE ORIGIN 
OF URINARY CREATININE 
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Institule of Technology, Pasadena) 
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Shaffer (1), Myers and Fine (2), and Hahn and Meyer (3) adduced 
evidence that muscle creatine is the precursor of urinary creatinine. 
This was questioned by Chanutin and Kinard (4) but was conclusively 
proved by Bloch, Schoenheimer, and Rittenberg (5, 6) by isotope tracer 
evidence, which also showed that creatinine was the only normal urinary 
constituent containing any significant amount of body creatine nitrogen.’ 

Although Bloch, Schoenheimer, and Rittenberg had settled the issue of the 
relation between creatine and creatinine, the site and mechanism of creati- 
nine formation and the place of phosphocreatine in the process were still 
open questions. ‘The crux of all three questions is the fact that the amount 
of creatinine normally excreted is greater than can be accounted for by the 
spontaneous (7.¢., non-enzymatic) rate of dehydration of creatine at the 
pH and temperature of the body. Thus Mvers and Fine (7) found that 
the creatine in finely ground muscle was transformed to creatinine more 
than 3 times as fast as in pure solutions of creatine. Hammett (8) measured 
the velocity constants of the transformation at 38° and pH] 6.9 of the 
creatine in buffered extracts of rat brain and muscle and in similarly 
buffered solutions of pure creatine. The velocity constants in the brain 
suspensions ranged from 0.00083 to 0.00148, average 0.00117; in muscle 
0.00091 to 0.00119, average 0.00104; and in creatine solutions 0.00058. 
(The time unit of these constants is | hour.) The percentage of creatine 
converted in 24 hours calculated from these constants was, in the brain 
and muse!e extracts, 2.8, and in the creatine solution 1.4. 

The rate of conversion of creatine to creatinine in vivo is of the same 
order of magnitude as observed by Hammett in brain and in muscle 
extracts. Table I is an assembly of the data obtained by direct observa- 
tion on this point. 

' Exeretion of creatine and creatinine into the intestine and their degradation 
there were not examined. 

* Included in Table I are data obtained by Chanutin and Kinard (4), who con- 
cluded that, ‘A statistical analysis of the data obtained in the dog, rat, rabbit, and 
guinea pig indicates an absence of any relationship between creatinine elimination 
and the percentage concentration of muscle creatine."’ We have calculated the cor- 
relation coefficient, r, and the value of ¢ (the probability coefficient of r), grouping 
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Taste 
Rate of C Conversion of Creatine to Creatinine | in Vivo 
Average | Average Creatine ] No | Correle- | Biblio- 
total urinary | convertedto tion co 
creatine creatinine creatinine ‘mals *iicient 
in body in 24 hrs. sities (OO r° | ence No. 
Dog 23,020§ | 477.5 | 2.41 7 0.951 6.86 <0.01 (4) 
Guinea pig 1,197§ | 27.5 | 2.66 0.880 8.07 <0.01 
Rabbit 3,188 | 67.7 | 2.46 10 0.967 | 10.72 <0.01 (2) 
6,070§ | 150.4 | 2.88 1.12) O38) @ 
Rat 568§ 11.4 | 2.33 | 17 0.800) 5.6 | <0.01, (4) 
1,026 | 13.8 | 1.56 0.897 | 7.04 <0.01 @) 
2.70) | (6) 
In vitro from | | 
creatine | | | 


* Correlation coefficient between the average total body creatine and the aver. 


rr 
age 24 hour urinary creatinine; r = =, where z and y are deviations of indi- 
Yr 
vidual values of body creatine and 24 iat urinary creatinine, respectively, from 
their average values for the series. 


ir n-2 
l—r? 
t Probability of obtaining the observed value of r or higher, on the assumption 
that body creatine and urinary creatinine are unrelated. 


§ Estimated as follows: average concentration of muscle creatine * body weight — 


x 0.40. 


|| Calculated from the rate of decrease of isotopic nitrogen in urinary creatinine | 


and in terminal muscle creatine. 


in one series all their data on the four animals. The value of r is 0.787 onl 1 of t 9.37, 
which indicates a very high correlation. The statistical treatment of Chanutina 
and Kinard was inadequate in two respects; 1) they compared the concentration of 
muscle creatine, which varies little in healthy adult animals with any one species, 
with the total creatinine elimination, which is affected greatly by the body weight 
which varies considerably, and (2) the variations within each group of animals of 

the same species were over too small a range for the number of animals within the 
group. Table I shows that, when the total body creatine and the urinary creatinine 
are compared, their data yield high correlation coefficients, except in the case of 
the rabbit in which again the number of animals was too low for the small range of 
variation within the group. Inthe group of rabbits used by Myers and Fine (2) the 
range of variation was much larger and a high correlation coefficient is obtained. 
Kinard et al. (9) found later in an independent study on the rat a high correlation be 
tween total body creatine and creatinine elimination. Any inference in the conclusions 
of Chanutin and Kinard, quoted above, that body creatine is not related to urinary 
creatinine was disproved conclusively by Bloch and Sehoenheimer (5, 6) by means 
of creatine labeled with isotopic nitrogen. 
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The faster rate of conversion of creatine to creatinine in the tissues than 
in pure solutions of creatine suggested that an enzyme might be respon- 
sible. No evidence of such an enzyme has been found in repeated searches 
(3, 7, 8, 10). Hahn and Meyer estimated that creatinine elimination in 
man could be accounted for satisfactorily simply by the spontaneous (i.e. 
non-enzymatic) dehydration of creatine in pure solution, but they used too 
high a figure for the creatine concentration of human muscle in their 
estimate, and they took no account of the fact that most of the creatine 
in the body is not free, but is “bound” as phosphocreatine. Hahn and 
Mever’s own figure of the rate constant for the spontaneous conversion 
of creatine to creatinine at pH 7 and 38°, K = 0.000538, corresponds to 
1.3 per cent conversion in 24 hours, which is lower than the rates observed 
in vivo (Table 1), in tissue extracts (7), and in tissue autolysates (8). 

In view of the conclusive evidence that the rate of creatinine elimination 
is related to the amount of body creatine, nearly all of which is in the 
muscles and in the form of phosphocreatine, we investigated the rate of 
creatinine formation in buffered aqueous solutions of phosphocreatine and 
compared it with the rate in similar solutions of creatine. It was found that 
creatinine is formed spontaneously much faster from phosphocreatine than 
from creatine. The rate from phosphocreatine at pH 7 and 38° is, in 
buffered solutions without an enzyme, within the range of rates of trans- 
formation of creatine to creatinine observed in vivo. It is, therefore, 
unnecessary to postulate the intervention of an enzyme in this process. 
That possibility is not excluded, but if there is an enzyme, its activity 
in vivo is low. 


EXPERIMENTAL 


Phosphocreatine was isolated from rabbit muscle by the method of Fiske 
and Subbarow (11), and synthesized by the method of Zeile and Fawaz 
(12). Both preparations were purified in the form of the calcium salt. 
The same results were obtained with both the natural and synthetic 
preparations. 

Creatine was purilied by the method deseribed by Hunter (13). 

Creatinine was determined by the alkaline picrate method. We found 
in solutions containing a large excess of creatine over creatinine that a slow 
intensification of the color occurs after the initial rapid development. The 
slow increase in color ix, presumably, a consequence of a slow conversion of 
creatine to creatinine in the alkaline picrate. Accordingly, readings were 
taken at intervals and the extrapolated zero time value gave the creatinine 
present before the addition of the alkaline picrate. As an example of the 
order of magnitude of thé extrapolation, the color at the end of an hour 
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corresponded to 11.5 per cent more creatinine than the extrapolated zero 
time value. 

Inorganic phosphate in the presence of phosphocreatine was determined 
both by the indirect and by the direct precipitation methods of Fiske and 
Subbarow. The two methods gave essentially the same hydrolysis cop. 
stants of phosphocreatine when the room temperature at which the deter. 
mination was carried out was not too high. We came to prefer the direet 
method, as the laboratory temperature was often above 25°, and the © 
solutions were warmed somewhat during the colorimetrv. Under these 
conditions the indirect method, as Fiske and Subbarow pointed out, gives 
values of inorganic phosphate (in the presence of phosphocreatine) which 
are too high and inconsistent. 

The colorimetry of both the creatinine and of the inorganic phosphate 
was carried out either in a Kénig-Martens (visual) or a Beckman (elee- 
trical) spectrophotometer. 

0.1 a maleic acid-sodium hydroxide buffers were used. 

The preservative employed, after a number were tried, was 0.1 per 
cent phenol; it did not interfere with either the creatinine or phosphate 
determinations. 

Mathematical Analysis 

Three reactions ensue when phosphocreatine is dissolved in approxi- 
mately neutral solution and at temperatures near to that of the body. 
(A) Phosphocreatine — inorganic phosphate + creatinine 
(B) Phosphocreatine — inorganic phosphate + creatine 
(C) Creatine — creatinine 

On the assumption that the three reactions are of the first order, and 
with the concentration of phosphocreatine designated as [PC}, of inorganic 
phosphate as [P], of creatinine as [Cn], and of creatine as {Cr}, the rate of 
creatinine formation in reaction (A) ts 


dCn 
( ) = ki PC} 
and in reaction (C) 
dCn 
) = kiCr| (2) 


If the initial concentration of phosphocreatine is designated as a, at 
any time during the reaction 
= a — [P] (3 
and 
[Cr] = [P] — [Cn] 
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The total creatinine formed at any time during the reaction is, from 
equations (1) and (2), 


(dCn): + / (dCn): = = / [PO] dt + / de (5) 
which may be rewritten according to equations (3) and (4) 


Cn) = ky / ‘a ~ dt + &, | — de (6) 


If equation (6) is rearranged, 


(2) 


Cn] is the concentration of creatinine (total) at time ¢. 4, was obtained 
independently from buffered solutions of creatine. | [Cn] dt was com- 
puted by graphical integration of the plot of [Cn] against time. To obtain 
| [P| dt the rate constant of total inorganic phosphate formation from 


phosphocreatine was determined first; | [P| dt was then computed by 


graphical integration of the plot against time of inorganic phosphate lib- 
erated. 

For convenience of computation, the initial concentration of phospho- 
creatine Was set at 100; [Cn] then became the per cent of phosphocreatine 
converted to creatinine and [P] the per cent of phosphocreatine hydrolyzed 
jn the sum of reactions (1) and (2). 


Results 


A test of the validity of equation (7) is the constancy of k, at different 
times during the hydrolysis of phosphocreatine at any given pH and 
temperature. The same test in another form is the agreement between 
observed and calculated values of 

The rate constants of the spontaneous conversion of creatine to creatinine 
in aqueous solution, /, in equation (7), obtained by different authors and 
ourselves, are collected in Table If. The values we obtained lie between 
those caleulated from the data of Myers and Fine (2) and those reported 
by Hammett (8) and by Hahn and Meyer (3). The values at 38° at or 
near the same pli are in fairly good agreement; this is appreciated better 
when the rate constants are expressed as pK values. Thus Hahn and 
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Meyer give, at pH 7.01, pK, 3.27; we found, at pH 7.00, pK,3.35. Neither 
Hammett nor Hahn and Meyer mention the necessity of extrapolating 
to zero time when determining creatinine in the presence of a great excess, 
30 to 50 times, of creatine. Our having done so might account for half 
the difference between their values and ours. Probably the main reason 
for the difference lies in the fact that the precision of the alkaline picrate 
method for determining creatinine in low concentrations (0.2 to 1.0 mg. 
per cent) is not better than +5 per cent in the lower portion of this range 
and +2.5 per cent in the higher portion. The precision was lowered fur- 
ther in all the determinations of k, by the great excess of creatine present. 
The above differences in the values of k, at any one pH have a negligible 
influence on the value of k, in equation (7) and may, therefore, be taken 
as sufficiently concordant for this purpose. 


To compute | (P} dt in equation (7), it is necessary to obtain the rate 


constant of the liberation of inorganic phosphate from phosphocreatine in 
the sum of reactions (A) and (B).2 Table III contains the value of kp 
obtained at 20.5° and 38° over a pH range from 5.4 to 7.5. Natural and 
synthetic phosphocreatine gave the same values (within the experimental 
error) of kp at the same pH and temperature. The plot of pkp against 
pH, including in one array the values of both natural and synthetic phos- 


+ This constant, kp, is equal to the sum of the constants of the liberation of in- 
organic phosphate in reactions (1) and (2), where kp, and kpg respectively are the 
rate constants for reactions (1) and (2). The proof is as follows: The rate of liber- 
ation of phosphate in reaction (1) is 


dP 
kp,(a [P}) (8) 
and in reaction (2) 
dP 
= (PD (9 
The rate of liberation of phosphate in the sum of reactions (1) and (2) is 
dP dP 
+ (7), = (kr, + — (PI) (10) 
Equation (10) may be written 
dP 
kp(a IP) (11) 
and since 
dP dP dP 


= kp, + kes (13) 
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phocreatine, gives at 20.5° a straight line from pH 5.4 to 7.0, and at 38° t] 
a straight line from pH 5.8 to 6.5 and a shallow curve from pH 6.5 to 75, I 
In Table IV the values of p&p interpolated from the curves are compared i 
with the observed values at the same pH. There is no consistent trend 
of disagreement between the values obtained from natural and synthetic 
phosphocreatine and the corresponding interpolated values. The two z 
preparations may be considered as identical by this criterion. fe 

er 

in 

th 


Taste III 


Hydrolysis Constants of Liberation of Inorganic Phosphate from Phosphocreatine 
in Buffered Aqueous Solutions 


Temperature, 20.5° Temperature, 38° 


Source of pH | Hydrolysis Source of 
phosphocreatine | constant phosphocreatine 


= 


+ 


0 .0298* Natural 
0.0109* Synthetic 


Natural : 
0.00711 | Natural | 
| 

| 


Synthetic 
0.00439 Synthetic 

0 .00283* 

0.00200 Natural 

0.00252 Synthetic 

0.00139 

0.00057 | 

Natural | 


Natural 
Synthetic 


se 


Sess: 

— 


i | 0.00553 
* Calculated from Fiske and Subbarow’s value at 22° (11), multiplied by 2.308 
(since their values are for the expression, k = (1/1) log (a/(a — z)) instead of k= ' 
(1/t)In(a/(a — x)) and modified for the difference in temperature between their and — 
our determinations. The equation used to obtain the temperature coefficient is 
E T,—T, 

oz 


— 


k,  2.303R 


where k, and k; are the velocity constants at temperatures 7’, and 7’; (on the absolute 
scale) respectively, R is the gas constant (1.989), and £ is the energy of activation. 
E, calculated from interpolated points on smooth curves, of the rate constants ob- 
tained at 20.5° and 38°, is here 23,170 calories. When 7; and 7’; are 20.5° and 22° 


respectively, log k, = log kz; — 0.087. 


Table V summarizes the data on creatinine formation in solutions of 
phosphocreatine at different hydrogen ion concentrations. The initial 
concentration of phosphocreatine was, in every case, 1.43 X 10-* molal. | 
Creatinine formed, expressed as equivalent per cent of initial phospho- 


creatine, was plotted against time, and | [Cn] dt was computed graphic- 


ally from a smooth plot through the experimental points. In determining 
the plot, greater weight was given the points at the end of the run than 


at the beginning. | [P]dt was computed by graphical integration of 


Hydrolysis 
constant 
i 
] pe 
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the curve of the liberation of inorganic phosphate given by the values of 
kpateach pH. The values of kp and of k, used were obtained by interpola- 
tion of smooth plots of pkp and of pk, against pH. 

The calculated values of creatinine formed were interpolated from curves 
given by the calculated values of /,, which, in every case, were near to the 
mean of the observed values of k,. The differences between the observed 
and calculated values of creatinine formed are within the experimental 
error of the creatinine determination. There was no consistent difference 
in this respect between the natural and synthetic phosphocreatine. By 
this criterion, therefore, as well as by the identity of their kp values, the 
two preparations behaved the same. 


Tassie IV 
Comparison of Hydrolysis Constants of Liberation of Inorganic Phosphate of Natural 
and Synthetic Phosphocreatine 
Temperature, 20.5° | Temperature, 38° 
| | Inter- | Inter- 
of Source of | 
| | obetrvea | nosphocreatine PH | observed | value on 
| curve, pK curve, pK 
Natural | 5.4 1.53° | 1.51 Natural | 5.80 | 0.99 0.95 
” | 5.8 1.96" | 1.93 Synthetic 6.00 | 1.20 1.18 
Synthetic | 6.0 2.15 2.14 Natural —«6.48 1 57 1.59 
. 6.21 | 2.36 | 2.36 | Synthetic 650 1.63 | 1.66 
Natural | 6.4 | 2.56°| 2.56 1.82 
Synthetic 6.5 2.54 | 2.67 | Natural | 6.96 2.00 | 2.00 
6.55 | 2.60 | 2.72 | Synthetic 6.9 1.99 2.00 
6.7 | 2.8 | 2.87 | 2.00 2.03 
. 7.02 | 3.24 | 3.21 | “ | 7.20 2.16 | 2.17 
| | | Natural | 7.50 | 2.26 | 2.33 


* From Fiske and Subbarow’s data; see the footnote to Table III. 


Equation (7) and the numerical value of the rate constant k,; are based 
on the hypothesis that phosphocreatine is hydrolyzed in part to creatinine 
and inorganic phosphate and in part to creatine and inorganic phosphate, 
and the creatine thus formed is independently dehydrated to creatinine. 
This process is formulated in reactions (A), (B), and (C) above. It is 
implied that the prevailing concentrations of creatine and creatinine are 
so far from their equilibrium ratio that reactions (A), (B), and (C) may be 
considered as irreversible and of the first order. 

In this hypothesis the rate of formation of creatinine directly from 


phosphocreatine is 
| = (a — (PI) ae (14) 
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where [Cn,] is the creatinine coming directly from phosphocreatine, k, js | 
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the rate constant of that process, a is the initial concentration of phospho. 
creatine, and [P] the concentration of total inorganic phosphate liberated, 


of Initial Phosphocreatine 


TasLe V 
Creatinine from Phosphocreatine at 38°; Creatinine Expressed As Equivalent Per Cent 


Initial concentration of phosphocreatine in every case was 1.43 X 10° molal, 
corresponding to 18.7 mg. per cent of creatine or 16.2 mg. per cent of creatinine. 
Equation (7) and the values of kp and k, at each pl! were used for the calculation 
of k,. (N) designates that natural and (8) that synthetic phosphocreatine was used. 


| 
| 
| 
| 


0.0020 
0.0026 
0.0025 
0.0020 
0.0026 
0.0023 


| 


| 
| 
| 
| 


0.0026 


0.0016 
0.0015 
0.0014 
0.0016 
0.0014 
0.0014 
0.0013 


0.0015 


0.00123 
0.00087 
0.00110 
0.00091 
0.00093 
0.00094 
0.00097 
0.00103 


| Creatinine 
Time 
Observed per cent | Calculated per cent | Observed 
pH 6.0; kp = 0.0634; kh. = 0.000606 
hrs. | | 4 
4.2 | 1.1 (N) 1.0 
19.4 3.4 (S) 3.4 
24.1 3.85 (N) | 3.95 
46.9 6.1 (S) | 5.8 
67.6 7.0 “ | 7.1 
71.5 6.8 (N) 7.3 
pH 644; kp = 0.027; ky = 0.00051 
19.3 2.6 (S) | 2.3 
24.2 3.0(N) | 2. 
48.1 4.8 
67.5 ° 6.7 (S) | 6.1 
71.6 6.4 (N) 6.4 
7.6 (8) 7.5 
95.8 | 7.3 (N) 
pH 6.91; kp = 0.00983; k. = 0.00045 
20.0 2.3 (5) 2.0 
23.1 1.9 (N) 2.3 
44.4 4.3 (S) 4.2 
47.0 3.8 (N) 4.4 
69.0 5.4 (S) 6.1 
70.8 5.6 (N) | 6.2 
91.3 7.1 (S) | 7.6 
94.9 7.7 (N) 7.8 
119.0 9.2 (3S) 9.3 


0.00104 


0.00100 


| 
| 
Calculated — 
(0026 
0.0026 
0.0025 
7 0.0027 
| 0.0027 
0). 0026 
().0026 
0 0014 
0.0014 
0.0014 
0.0014 
| 
| 0.0014 
| 0.0014 
| 0.0014 
| (0.00106 
0.00106 
0.00107 
0.00107, 
0.00107 
0.00106 
0.00106 | 
0.00105 
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Taste V—Concluded 


Creatinine Ay 
Observed per cent Calculated percent, Observed Calculated 
pH 7.21; kp = 0.00686; ky, = 0.00043 
| 
20.1 | 2.65 (8) 2.3 6.0014 0.0012 
“4.4 | | 4.9 0.0013 0.0012 
68.9 | ie | 7.1 0.0011 0.0012 
91.3 | | 8.9 0.0012 0.0012 
pli 7.50; kp = 0.00550; k, = 0.00041 
23.2 2.35 (N) 2.45 0.0011 | 0.0011 
47.0 0.0011 0.0011 
%.0 | 90 “ | 9.0 0.0011 0.0011 


The same numerical result as from equations (7) and (14) is obtained on 
the hypothesis that phosphocreatine in solution consists of two forms 
which are always in equilibrium with each other. One form, a), gives rise 
on hydrolysis to creatinine and inorganic phosphate, the other, a2, to 
creatine and inorganic phosphate. Equation (14) is modified to 


| diCn) = k’, | — [Py dt (15) 
which the experimental data showed to be equal to 
| = ala — dt (16) 


where a is the fraction of the total phosphocreatine in the form of ay. 
From equations (14) and (16) 


ky = kya (17) 


a can be evaluated from the values of k; and of k’; at any one time in the 
course of the reaction, or by solving for a; in equation (15) at two different 
times during the reaction. Both methods gave the same value of a, which 
was constant, at any one pH, during the whole time (up to 120 hours) 
that the reaction was followed. a@ varied with pH; it was 0.042, 0.051, 
0.104, 0.173, and 0.200 at pH values of 6.0, 6.44, 6.91, 7.21, and 7.50 respec- 


is. 
“ti. 
ent 
line. 
tion 
" 
| 


5O4 PHOSPHOCREATINE AND URINARY CREATININE 


tively. On the hypothesis as defined above, of two forms of phospho- 
creatine, a, and a», in equilibrium the variation of a with pH indicates 
that hydrogen ion enters into the equilibrium. 

The fact that, at any given pH, a@ is constant throughout the course of 
the reaction excludes the possibility that the phosphocreatine we used was 
a mixture, i.c. that a, and a, were not in equilibrium. If that were the 
case, since k’, (the rate constant for the hydrolysis of phosphocreatine to 
creatine and inorganic phosphate) is larger than /, a would have varied 
throughout the reaction. The experimental data showed that this was 
not the case. 

The possibility that the phosphocreatine we used was a mixture is ex- 
cluded also by the following additional evidence. If it were a mixture, 


Taste VI 
Rate Constants (Interpolated) at 38° of Liberation of Inorganic Phosphate from , 
Phosphocreatine, of Creatinine Directly from Phosphocreatine, and of Creatinine 
Jrom Creatine over pH Range 6.0 to 74 


pH | kp | | | | 

6.0 0.063 0.0026 0.060 0.0026 0.00061 
6.5 0.022 0.0014 0.021 0.0014 — 0.00050 

7.0 0.0092 0.0011 0.0081 0.0011 0.00044 

7.5 0.0055 0.0011 0.0044 0.0011 0.00041 


kp = the rate constant of liberation of total inorganic phosphate. 

kp, = hk; = the rate constants of liberation of creatinine directly from phospho- 
creatine and of the accompanying inorganic phosphate in that reaction alone. 

kp, = kp — kp, = the rate constant of liberation of inorganic phosphate accom- 
panying the liberation of creatine from phosphocreatine. 

ky = the rate constant of conversion of creatine to creatinine. 


; 


| 


we might expect the proportions of a, and a, to be different in different | 
preparations of natural and synthetic phosphocreatine, and accordingly | 
their values of kp and of k, to be different. We used three different prep- 
arations of synthetic phosphocreatine and one from rabbit muscle. 
Fiske and Subbarow obtained theirs from cat muscle. All preparations | 
gave the same values of kp over the whole experimental range of pH, and, 
all of our preparations gave the same values of /;. In fact, as shown below, _ 
even the in vivo rates of creatinine formation in a number of different 
animals are in accord with that of phosphocreatine tn vitro. 

In the present communication we are concerned primarily with the 
relation between the rate of spontaneous, t.c. non-enzymatic, formation | 
of creatinine from phosphocreatine and the rate of creatinine excretion , 
i in the urine. For this purpose it is convenient to use equation (7), a8 
{ all the terms on the right-hand side are obtained without hypothesis; 
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the constancy of k; at any one pH for all values of ¢ sanctions the use of 
the equation. 

In the literature there are no values of the hydrolysis constants of phos- 
phocreatine over the physiological range of hydrogen ion concentration. 
These are given in Table VI and also those we obtained of the conversion 
of creatine to creatinine. 


DISCUSSION 


In the body most of the creatine (98 per cent) is in the skeletal muscles. 
Its concentration is kept constant within a range of 400 to 600 mg. per 
cent in different species. Since the concentration of creatine is kept 
constant, the per cent converted in 24 hours is kat = k K 100 X 24. If 
it were all free creatine and no enzymatic action postulated, the amount 
converted to creatinine in 24 hours at pH 7.0 would be, with the value of 
ky in Table VI, 24 0.00044 100 = 1.06 per cent. If it were all phos- 
phocreatine, the value would be 24 X 0.0011 X 100 = 2.64 per cent. The 
latter is within the range of rates of conversion of creatine to creatinine 
in vivo (Table 1), whereas the rate of conversion of creatine in vitro is 
definitely below, approximately one-half, that in vivo. 

Rosengart (14) found that the formation of creatinine was greatly accel- 
erated in minced muscle at 38° in the presence of fluoride, iodoacetate, or 
HCN, as did Myers and Fine and Hammett in unpoisoned autolyzing 
muscle extracts. Rosengart tried to explain this fact by a non-hydrolytie 
dephosphorylation of phosphocreatine; he later accepted the explanation 
proposed here, i.c. the cleavage of phosphate from phosphocreatine in 
reaction (1) above. 

Some of the data presented by Hammett (8) in 1924 on the rate of ap- 
pearance of creatinine in autolyzing rat muscle extracts afford a direct 
comparison with the rate we observed in phosphocreatine solutions at 
the same pH and temperature. At pH! 6.9 and 38° Hammett found at 
10, 20, and 30 hours incubation the following percentages of the total 
creatine converted to creatinine: 1.03, 2.02, and 3.06, respectively. A 
smooth plot through our experimental data at the same pI! and tempera- 
ture gave for the same time intervals 1.04, 2.03, and 2.98 per cent. After 
30 hours incubation Hammett’s values are higher than we observed; the 
explanation is very probably an increase in acidity in Hammett’s autoly- 
sates, as they were not strongly buffered. Hydrolysis of phosphocreatine 
itself increases the acidity, and «a strong buffer is needed to minimize the 
latter change. Glycolysis and other autolytic processes also contribute 
to the increasing acidity. Even after 100 hours incubation Hammett’s 
figure is 9.88 per cent of the original total creatine converted to creatinine; 
ours (without change in pH)is 8.13 percent. ‘The agreement is remarkable. 
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Probably most, but not all, of the creatine in muscle exists as phospho. 
creatine. In Table VII are collected data in the literature on total creatine 
and phosphocreatine in the resting muscles of a number of vertebrate 
species. The ratio of creatine as phosphocreatine to total creatine ap- 
pears to vary from 43 to 80 per cent. The true values are probably in 
the upper part of the range; some hydrolysis of phosphocreatine is unavoid- 
able during removal and analysis of muscle; Riesser and Hansen (24) 
claim that values of phosphocreatine in muscle obtained by Fiske and 
Subbarow’s method, as most of those in ‘Table VII were, are too low; their 
method gave values 180 per cent of that of Fiske and Subbarow. 


Tasie VII 
Creatine and Phosphocreatine in M uscle 


mg. per cent mg. per cent fer cent 
Cat 500 (13) | 215-363 (11) 43-73 
Dog 380 (15) 170 (15) 45 
Frog 70-74 (16) 
“ | 80 (17) 
Human 309-485 (18) | 
o 400 (19) 211-239 (20) | 44-68 
Rabbit 419-510 (21) 193-291 (21) 
301 (20) 59-72 
Rat 287 (9) 
450 (10) 
- 460 (22) 211 (22) 44-74 
480 (4) | 
| 164-240 (25) 


The figures in parentheses are bibliographic references. 


If we assume, as an average figure, that 60 per cent of the creatine in 
muscle normally is bound as phosphocreatine, then the creatinine excretion 
in 24 hours, assuming no enzymatic conversion of creatine or of phospho- 
creatine to creatinine, is 24 X 100 (0.0011 K 0.6 + 0.00044 XK 0.4) = 2.02 
per cent of the total creatine in the body. This figure is toward the lower 
end, but within the range of estimates in Table I. 

The hydrolysis rate constants used in the foregoing computations were 
those at pH 7.0. It may be that the normal resting pH of muscle is lower. 
Dubuisson (25) gives a range of 6.19 to 7.18 in frog muscle. It seems un- 
likely that the pH is below 6.0, as Rous (26) reported from his observations 
with indicators. At pH 6.0, assuming 60 per cent of the total creatine as 
phosphocreatine, 4.3 per cent of the creatine in both forms would be 
converted spontaneously to creatinine. As this figure is far above any 
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observed in animals, the normal resting pH of muscle on the average is 
probably distinctly above pH 6.0. In any event it is clear that the ob- 
served rates of creatinine formation from phosphocreatine in vitro are suf- 
ficient to account for the amounts of creatinine in the urine of normal 
animals. 

The following facts argue against the participation of an enzyme in the 
immediate process of creatinine formation in vivo. The ratio of daily 
urinary creatinine to total body creatine is nearly the same in different 
species (Table 1). The ratio is close to that observed in autolyzing muscle 
extracts and to that observed and ¢alculated by means of equation (7) 
in solutions of phosphocreatine not containing any tissue extract. 

The main lines of the formation of creatine in the animal body may be 
considered as established (27-31). Normally the creatine formed is 
retained temporarily in the body as phosphocreatine; the end-product of 
its metabolism is urinary creatinine. The evidence presented above indi- 
cates that creatinine is formed directly by a non-enzymatic cleavage of 
phosphocreatine, presumably wherever the latter substance exists in the 
tissues, and hence mainly in the skeletal muscle. 

This conception of creatine-creatinine metabolism is in accord with 
nearly all the data in the literature on normal and abnormal creatinine 
excretion and creatinuria and on the effects of feeding creatine or increased 
amounts of its physiological precursors in normal and in pathological con- 
ditions; it is in accord with the urinary and muscle findings in the different 
myopathies. Space does not permit presentation of the data and dis- 
cussion of them here. 

A few findings reported in the literature are not in accord. Outstand- 
ing among these is the condition in birds. The major fraction of the 
creatine plus creatinine they excrete is creatine (7,32). There has been 
little study of this aspect of the metabolism of birds, and further investiga- 
tion is needed. There are some features of creatine formation in birds 
which differ from those in other animals (27). 

In some experiments on man after feeding creatine the data reported 
give more extra creatinine in the urine than could have arisen spontane- 
ously in the time interval if all the creatine had been converted to phospho- 
creatine, and, of course, much more than could have arisen directly from 
creatine (33-35). In most short period experiments little or no extra 
creatinine was excreted after feeding moderate amounts of creatine. An 
explanation may be found in the experiments recently reported in a note 
by Fisher (36). When rabbit kidney was perfused with creatine (10 to 
30 mg. per cent) and a-phosphoglycerol, large amounts of creatinine 
appeared in the perfusate. The requirement of a-phosphoglycerol suggests 
that the creatine was first converted to phosphocreatine. There may be 
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an enzyme in kidney which accelerates the decomposition of phospho- 
creatine to creatinine and inorganic phosphate. Lohmann (10) found no 
evidence of a phosphatase for phosphocreatine in heart or skeletal muscle. 
It is unlikely that the kidney is the sole or main site of creatinine formation 
in vivo. If itwere, extra creatine production or the feeding of creatine 
would be followed by increased excretion of creatinine, which is rarely the 
case. Against the hypothesis of kidney as the main site of formation of 
urinary creatinine also are the observations of Chanutin and Silvette (37) 
on the rapid accumulation of creatinine in the blood of nephrectomized 
rats, the rise in blood creatinine in clinical and experimental kidney disease, 
and the concordance of the observed ratio of urinary creatinine to total 
body creatine with that calculated by means of equation (7) and the 
total creatine in the muscles. 

Assigning to phosphocreatine the réle of immediate precursor of urinary 
creatinine is, of course, only a modification of the view propounded more 
than 30 years ago by Shaffer (1), Myers (2, 38), and Spriggs (39) that body 
creatine is the precursor. Our findings are in accord also with the mech- 
anism of the reaction suggested by Lipmann (40).‘ 


SUMMARY 


1. The following reactions ensue in aqueous solutions of phosphocreatine 
at 38°; (A) phosphocreatine — creatinine + inorganic phosphate; (B) 
phosphocreatine — creatine + inorganic phosphate; (C) creatine — 
creatinine. 

2. They are first order reactions and proceed independently of each 

other. 
3. An equation is developed by means of which the rate constants of 
reactions (A) and (B) can be determined. The rate constant of reaction 
(C) was determined independently. The values of the rate constants at 
38° over the pH range 6.0 to 7.5 are given. Reaction (A) is 3 to 4 times 
faster than reaction (C). 

4. The combined rate constants of reactions (A) and (C) are sufficient, 
without postulating the intervention of an enzyme, to correlate quantita- 
tively the reported concentrations of phosphocreatine in muscle and the 
creatinine excretion in all animal species on which data are available, ex- 
cept birds, and the rate of formation of creatinine in autolyzing muscle. 

5. The concept of phosphocreatine as the main immediate precursor of 


‘Our work with phosphocreatine was nearly completed and had been put aside 
at the time the above suggestion was published. We were unaware of it when we 
referred to the present work in a brief reference (41). We now wish to thank Dr. 
Lipmann for drawing our attention to his illuminating suggestion. 
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urinary creatinine does not, as it stands, account for the excretion in birds 
of much more creatine than creatinine, nor for some few instances in man, 
in which more creatinine has been reported excreted than can be acccunted 
for by postulating its prior transformation to phosphocreatine and sub- 
sequent non-enzymatic hydrolysis of the latter. 
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STREPTOMYCIN AND DESOXYRIBONUCLEASE IN THE STUDY 
OF VARIATIONS IN THE PROPERTIES OF A BACTERIAL 
VIRUS* 


By SEYMOUR 8. COHEN 


(From the Children’s Hospital of Philadelphia (Department of Pediatrics) and the 
Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, February 3, 1947) 


The chemical compositions of T, bacteriophage, reproduced in Escherichia 
coli B grown in lactate, glucose, or broth media, have been reported by 
two laboratories (1-3). The presence of large amounts of desoxyribose 
nucleic acid (DNA) in this bacterial virus, regardless of the conditions of 
growth, has been described. This type of nucleie acid also appears to 
be present in the T,, T;, and Ty bacteriophages.’ Ultraviolet irradiation of 
T; disrupted the limiting membrane of the particle and liberated non- 
sedimentable DNA into solution (4). Although most of the DNA is or- 
ganized within the virus, it has been found that 30 per cent of the total 
DNA appears to be present at the surface of T; grown in lactate media.? 

Streptomycin contains the diguanido base, streptidine. From theoretical 
considerations it was anticipated that streptomycin would combine with 
the phosphorylated nucleic acids to produce polymeric compounds whose 
size would depend on the combining ratios of the polyvalent base to poly- 
valent nucleates. This was found to be true, and at some ratios lattice 
formation continued until precipitates formed.* That the diguanido por- 
tion of the molecule was not solely responsible for this complex formation is 
suggested by the inactivity of streptidine itself in producing these lattices. 

Since T, bacteriophage (T;-F) contained about 40 per cent of DNA, 
it was considered of interest to test its precipitability with streptomycin. 
Complexes of streptomycin and T;-F precipitated and this suggested a 
surface orientation of DNA in the virus. In addition, streptomycin nucle- 
ates and complexes of virus and streptomycin were dissociated in m NaCl, 
as were thymus nucleohistone and nucleoprotamines (5). 

Concentrates of T,-F possessed a relatively high viscosity which was 
specifically reduced by desoxyrihonuclease (DNase) and not by ribo- 
*The work described in this paper was aided by the Office of Naval Research. 

'8. 8S. Cohen and T. F. Anderson, unpublished data. 

* Virus produced by parasitizing Escherichia coli B in lactate medium (F) or nutrient 
broth (N) will be termed T.-F or T;-N respectively. 

*T am indebted to Dr. P. Gyérgy of this department for suggesting the possibility 
of this acid-base interaction. 
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nuclease, trypsin, chymotrypsin, or lysozyme. The specific reduction in 
viscosity occurred without loss of virus activity. After DNase digestion, 
30 per cent of the previously sedimentable DN A of T,-F was separable from 
the virus by high speed centrifugation and the DNase-treated virus had 
become non-precipitable by streptomycin. 

It was noted that concentrates of T; prepared from broth lysates (‘T;-N) 
had a low viscosity and were not precipitated by streptomycin. This sug- 
gested that virus grown in nutrient broth might have lost the external coat 
of DNA owing to the activity of an enzyme in broth lysates. It has been 
observed by Hook et al. (6) that T; grown in a defined glucose medium 
possesses dimensions which are slightly but significantly greater than the 
same strain of T, grown in broth (T;-N). The T:-N preparations were 
also more stable than the virus grown in the defined medium. 

It was found that broth lysates do contain active DNase capable of re- 
ducing the viscosity of T.-F concentrates, whereas this enzyme was not 
found in lactate lysates. Furthermore, the relatively unstable T,-F after 
treatment with DNase became as stable as T;-N. 

Thus T;-F appeared to have an outer layer of DN A removable by DNase. 
On the other hand, the same strain of virus, T;-N, devoid of this outer 
layer, appeared to have been already degraded by DNase as a result of 
growth in a host elaborating this active enzyme in nutrient broth. Varia- 
tions in the composition of the medium had thus produced variations in the 
chemical composition, surface structure, stability, reactivity with strepto- 
mycin, and the viscosity of concentrates of T, bacteriophage. 


Materials and Methods 


Nomenclature—The relationships of the organism and virus used in these 
studies to the system of other workers have been described previously (1). 
T, appears to be identical with the PC phage used by Jones (7) in her studies 
of the streptomycin inactivation of bacteriophage. 

Media—Escherichia coli B was grown in two media. The defined 
medium (F) contained 10 gm. of sodium lactate, 1 gm. of NH,CI, 0.7 gm. 
of K,HPO,, 0.3 gm. of KH,PO,, 0.1 gm. of NasSO,, and 0.01 gm. of MgSO, 
per liter of distilled water. The nutrient broth contained 8 gm. of Difeo 
nutrient broth and 5 gm. of NaCl per liter of distilled water. Nutrient 
agar for slants contained 20 gm. of Difco Bacto-agar, 15 gm. of Difco nu- 
trient broth, 5 gm. of NaCl per liter of distilled water. Plating agar con- 
tained 15 gm. of agar per liter of broth medium. 

Preparation of Bacteria and Lysates—Overnight liquid cultures were made 
by inoculating the appropriate medium with bacteria from a slant. The 
inoculated media were aerated at 37° for 18 hours. At the end of this time 
they contained about 5 X 10° viable bacteria per cc. For every 10 ce. of 
the appropriate medium, 0.05 cc. of the overnight culture was added and 
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the mixture was aerated at 37°. The number of viable organisms was 
correlated with the turbidity of the bacterial suspension as determined in 
a Klett-Summerson photoelectric colorimeter with a No. 420 filter. Cul- 
tures were grown to 10* bacteria per cc. determined turbidimetrically, 
and inoculated with T; bacteriophage at a concentration of 10° virus par- 
ticles per cc. The cultures were aerated at 37° overnight. The resulting 
lysates, containing about 3 X 10° T;-F or about 7 X 10° T;-N per ce., were 
sedimented at 4000 r.p.m. for 1 hour and the supernatant fluids were stored 
at 4°. 

Preparation of Purified Bacteriophage—The preparation of concentrates 
of T, and their properties have been described (1). Some of the prepara- 
tions of purified T, employed in these studies were kindly given to me by 
Dr. T. F. Anderson of the Johnson Research Foundation of the University 
of Pennsylvania. Others were prepared by the same method in this 
laboratory. Virus assay followed the procedure of counting plaques de- 
scribed by Delbriick and Luria (8) with the spreading and layering modi- 
fication used by Hershey (9). A virus aliquot was introduced into 2.5 ce. 
of melted agar containing 7 gm. of agar per liter of broth medium at 45°. 
The contents of the tube were poured on a solid agar plate, permitted to 
solidify, and the plate was incubated at 37° overnight. 

Other virus preparations have been similarly prepared by differential 
centrifugation of lysates. These include T; from nutrient broth (T;-N), 
Tut from lactate media (Tyr*-F), Ty from nutrient broth (Tyrt-N), and 
Ty from nutrient broth (Tg¢-N). The term r* refers to the size of plaque 
observed in the assay of the wild type of T;. The absence of plus indicates 
that we are dealing with the mutant, Tyr, differing from the wild type with 
respect to the ‘“‘r’’ characteristic, namely the size of plaque reflecting the 
rapidity of lysis. The preparations of T; used in these experiments were 
of the “r*”’ type. 

We are indebted to Dr. W. M. Stanley of the Rockefeller Insitute for 
purified preparations of tobacco mosaic virus and tomato bushy stunt virus. 

Analyses —The diphenylamine procedure (9) and the perchlorie acid- 
tryptophane (10) method were employed for the estimation of DNA. 
Phosphorus was estimated by the method of King (11). Nitrogen was 
determined by the Kjeldahl procedure (5). 

Viscosimetry—5 ec. aliquots of the appropriate mixtures were examined 
in Ostwald viscosimeters at 37.0° + 0.1°. 

Substances-——Streptomycin (Abbott) of about 50 per cent purity was 
employed in initial experiments. These studies were repeated and ex- 
tended with crystalline streptomycin trihydrochloride and streptidine 
sulfate kindly given to us by Dr. O. Wintersteiner and Dr. J. Dutcher of 
The Squibb Institute for Medical Research. 

Highly polymerized sodium desoxyribose nucleate (NaDN(p)) was 
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prepared from thymus. Fresh minced thymus glands were extracted with 
2 cc. of HO per gm. of tissue at 4°.) The nucleohistone in the extract was 
precipitated by adding NaCl] until the solution was 0.14 mM with respeet to 
this salt. The sediment was collected by centrifugation and dissolved in 
mMNaCl. The residual thymus was extracted overnight at 4 with w NaC] 
and the viscous extract was pressed through cheese-cloth and precipitated 
by pouring into 6 volumes of water. The precipitate was redissolved in w 
NaCl, combined with the saline solution of dissociated nucleohistone (5), 
and reprecipitated at 0.14 mM NaCl. The sediment of reassociated histone 
and nucleate was redissolved in M NaCl, adjusted to pIl 11.0, and mixed in 
a Waring blendor for 2 minutes with 0.5 volume of CHCl;-caprylie alcohol 
(8:1). The mixture was sedimented and the aqueous layer removed from 
the gel interface. The histone denaturation was repeated until the aqueous 
layer gave a negative biuret reaction. The pH was reduced to 6.5 with 
HCl, and the viscous solution of sodium desoxyribonucleate was poured into 
2 volumes of chilled aleohol. After standing at 4° overnight, the precipi- 
tate was removed by filtration with suction and washed with alcohol and 
ether. The white fibrous material was dried in vacuo over P.O s. It has 
been found that deproteinizing in this manner proceeds more readily at pH 
11 than at a lower pH. 

Depolymerized sodium desoxyribose nucleate (NaDN (d)) was prepared 
according to Levene and Bass (12). ‘Two depolymerized sodium ribose 
nucleates were used, the first that of the Schwarz Laboratories, and secondly, 
material purified according to Kunitz (13). These three materials were 
alkali-degraded as a result of the method of preparation. 

Oxidized cellulose, containing 19.5 per cent carboxyl and 0.3 per cent 
nitrogen, was obtained from the Tennessee Eastman Corporation. It was 
dissolved on the addition of 0.5 per cent NaOH to pH 7.0. 

We are indebted to Dr. M. MeCarty of the Hospital of the Rockefeller 
Institute for the preparation of pancreatic desoxyribonuclease employed 
in these studies. This preparation possessed no proteolytic activity at the 
concentrations employed, as measured by the inability to reduce the vis- 
cosity of gelatin at 37°. Unless otherwise indicated, the enzyme was 
activated by MgCl, and stabilized by gelatin according to McCarty (14). 

The preparations of crystalline ribonuclease, trypsin, and chymotrypsin 
were kindly given to us by Dr. M. Kunitz of The Rockefeller Institute 
at Princeton. 


EXPERIMENTAL 


Formation and Dissociation of Streplomycin Nucleates—-The addition of 
1.0 per cent streptomycin (Abbott) to neutral solutions of polymerized 
NaDN resulted in the formation of opalescent solutions or flocculent pre- 
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cipitates, depending on the amount of streptomycin added. Repetition 
of this with 0.5 per cent solutions of crystalline streptomycin trihydrochlo- 
ide produced essentially similar results, showing a narrow region of soluble 

ent complex formation and a wide region of flocculation. Resolu- 
tion of the floccules on continued addition of streptomycin was not ob- 
served. The development of the complexes was followed quantitat ively 
by adding small aliquots of the appropriate streptomycin solution to 3.0 


NaDN (p)+DNase 
NaDN (p) 
| 
NaDNip) 
tcryustalline streptomycin 
NaDN(a) 
300-- 
cCxidized cellulose 
100 - 
50 - 
NaRNn 
Na DN (p) + streptidine 


Fic. 1. Complex formation, as measured by turbidity increase, on the addition of 
streptomycin to solutions of anionic polymers. 


ec. aliquots of 0.1 per cent nucleate and examining the opalescent or turbid 
mixtures in a Klett-Summerson photoelectric colorimeter with a No. 420 
filter. In most of the turbidity studies in which relatively large amounts of 
streptomycin were required, the product of 50 per cent purity was used. 
The validity of the use of impure streptomycin was established by qualita- 
tive studies with smaller volumes of the crystalline trihydrochloride. The 
results of a number of studies are presented in Fig. 1. Some experiments 
with crystalline streptomycin and streptidine are included in Fig. 1. 
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Depolymerization of NaDN with DNase to a viscosity of less than 10 
per cent of the original did not reduce the precipitability of the resulting 
NaDN after | hour of depolymerization. Flocceulation occurred in the 
same manner as with NaDN(p). We have observed that treatment of 
NaDN(p) with this enzyme for | hour hydrolyzed only « very small per- 
centage of the phosphate esters to liberate free acid. This suggests that 
the degraded NaDN employed in this instance still consisted of large mole- 
cules whose ability to form lattices was essentially unimpaired. | 

On the other hand alkali-degraded sodium nucleates such as NaDN(d) | 
and NaRN (Schwarz) have markedly altered turbidity development curves 
which appear to be a function of the considerably reduced size of the mole- 
cules as well as the increased valence per mg. of the smaller polynucleotides, 
Polycarboxylated compounds, such as the sodium salt of oxidized cellulose, 
were also capable of reacting with streptomycin, as presented in Fig. 1. 

All of these compounds were dissociated in M sodium chloride as well as | 
somewhat lower concentrations of salt, as indicated by the total disappear- 
ance of opalescence or turbidity. 

Streptidine, 1 ,3-diguanido-2 ,4,5,6-tetrahydroxycyclohexane, was in- 
capable of forming polymers of this type (cf. Fig. 1). This suggests that 
the weak basic group of streptobiosamine is essential for lattice formation. 

The addition of streptomycin trihydrochloride to NaDN(p) at pH 110 
at concentrations for maximal precipitation did not result in precipitation. 
The addition of weak acid to this mixture resulted in the development of 
turbidity and precipitation between pH 7 and 8. It has been found by acid 
titration of streptomycin that the third and weakest basic group binds acid 
below about pH 9.0 and its titration is at least 80 per cent complete at pH 
7.0 (15). Thus one basic group, which participates in and is essential for 
lattice formation, has a low pK of the order of that in streptobiosamine. 

Precipitation of T:-F Bacteriophage—Ultracentrifugally prepared con- 
centrates of T,-F in 0.85 per cent NaCl at 10" active particles per ce. and 
higher were precipitated on the addition of 0.5 per cent streptomycin : 
sulfate. Approximately 40 per cent of the amount of the pure antibiotic 
was required for maximal precipitation of T;-F containing a definite amount _ 
of DNA, as was required for an equivalent amount of NaDN(p). When | 
the virus contents of the supernatant fluids of different T,-F preparations 
were determined immediately after treatment with streptomycin and cen- | 
trifugation of the precipitate, they represented reductions of 99, 94, 98, 

88, 65, and 60 per cent respectively of the initial virus activity. It will 

q be noted in a subsequent section that loss of virus of this magnitude is : 
f considerably greater than that observed with T;-N preparations in the | 

a presence of streptomycin for several hours. | 


The precipitation of T.-F occurred in thin sheets if solutions of the anti- 
biotic were added slowly to the virus solutions or long fibrous strands when 
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the mixture was agitated. These precipitates were totally unlike any of 
the other types of floeculent compounds in appearance. Agitation in m 
sodium chloride resulted in the dissociation of the precipitates. 

Enzymatic Degradation of T;-F——The formation of streptomycin precipi- 
tates with this virus, which contained about 40 per cent NaDN (1), sug- 
gested that some of the NaDN was organized at the Surface of the particle. 
It was considered that the interaction of T,-F, manifested in the relatively 
high viscosity of concentrates of this material of titer 10" per ce. or higher, 
might be a function of nucleic acid interaction. The viscosity of T,-F 
in the presence of various enzymes was therefore studied. 

To 2 ce. aliquots of thrice sedimented T,-F in 0.85 per cent NaCl at a 
titer of 5 X 10" per ce. were added 2 ce. of 0.05 N veronal at pH 7.2 for 
studies with DNase, ribonuclease, and trypsin, or 2 ce. of 0.05 “ acetate 
at pH 5.0 for the test with lysozyme. To 4 ce. of these mixtures in viscos- 
imeters at 37° were added 1 ee. of 0.0001 per cent DNase, 0.01 per cent 
ribonuclease, 0.01 per cent trypsin, or 0.01 per cent crystalline lysozyme. 
The control addition contained 2 ec, of 2.5 per cent gelatin and 130 mg. of 
MgCl, per 100 cc. The results presented in Fig. 2 demonstrate that the 
viscosity of T.-F concentrates is specifically reduced by desoxyribonuclease. 

The various preparations were assayed and were found not to have lost 
activity. 2 ce. aliquots were sedimented at 60,000g for 1 hour and the 
supernatants were assayed for activity and tested for DNA. The sedi- 
ments were resuspended in 0.85 per cent NaCl and tested for streptomycin 
precipitability. It was observed that, whereas the pellets of DNase- 
treated T,-F were readily resuspended, the pellets of the control and other 
preparations were relatively sticky and difficultly resuspended. These 
properties of the control and DNase-treated T,-F are summarized in Table 
|. The fine turbidity developed on addition of streptomycin to DNase- 
treated T,-F is presumably due to reaction with soluble depolymerized 
DNA which the preparation contains before ultracentrifugation. The 
sedimented DNase-treated virus did not give this turbidity. 

Properties of T:-N-—Concentrates of T;-N, similarly prepared, having a 
titer of 10“ to 10" active virus particles per cc., possessed a low viscosity, 
comparable to that of an equivalent titer of DNase-treated T;. These 
preparations were not precipitated by 0.5 per cent solutions of streptomy- 
cin. 
Preparations of T,-N had a markedly higher content of DNA per active 
particle than preparations of T;-F. Since repeated ultracentrifugation of 
T:-F is more likely to result in loss of titer than is ultracentrifugation of 
T;-N, it might be expected that T,-F would have a higher relative content 
of inactive particles and a higher ratio of DNA to activity than did T;-N. 
Nevertheless the reverse was consistently observed. 

Streplomycin Precipitability of Other Viruses—-It was noted that 0.05 
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ec. of the ribonucleoproteins, tobacco mosaic virus at 10 mg. per ec., and 
tomato bushy stunt virus at S mg. per cee. did not precipitate when mixed 


desoxuribonuclease 


Property 


30 AO 
Tarte 


Control 


Specific viscosity at 0.02 mg. P per | 0.233 


ec. 


Streptomycin precipitability of total Long strands 


preparation 
Activity after incubation 


| 


1.98 X 10" per ce 


DNA per ce. in supernatant fluid 0.029 


after ultracentrifugation 
© total DNA in supernatant fluid 
Resuspension of virus sediments 


Streptomycin precipitability of 


suspended virus 


Relatively difficult 
Long strands 


60 MINUTES 


Fic. 2. Action of desoxyribonuclease on a concentrate 


Properties of T;,-F afler Digestion with 


Nase-treated 


0.0167 


Fine turbidity 


2.08 X 10° per ce. 
0.147 


None observed 
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with 0.1 cc. of 1.0 per cent streptomycin. Under these conditions, T;-N 
at 8.8 X 10" per ec. formed a slight turbidity, as did one preparation of 
Tat-N at 1.99 X 10" per ce. Another preparation of Ta*-N at 3.65 X 
10" and one of Tyr-N at 3.72 X 10" gave no precipitate. Preparations of 
of Tat-F gave the same type of precipitation as T;-F. In contrast to the 
low viscosity of Tyr*-N, preparations of Tyr*+-F were quite viscous. Thus 
the differences in viscosity and streptomycin precipitability noted between 
T.-F and T,-N appear to exist in the Tyr*-F and Tyrt-N preparations as 
well. 


Tasre Il 
Properties of T.-F and T;-N 
Fi | Fs F; 
Titer of 29% | 9.6 1.7 Xx 10 
1.05 10" 3.11 X 10" | 6.1 10" 
Yield in concentration, “,.. 230 200 220 
DNA per ce. concentrate, mg _. | 0.075 0.047 0.090 
Streptomycin precipitability ._.. | 2+ 4+ 4+ 
Precipitability after DNase 0 0 
Titer of lysate*.... 54x10 | 7.9K 10 | 7.6 x 10 
“ concentrate 1.65 10" |. 1.05 x 10" 
Yield in concentration, 130 90 
DNA per ce. concentrate,mg ........._ 0.482 0.468 
Streptomycin precipitability. ........ 0 | 0 0 
Precipitability after DNase. .......... | @ 0 


* After low speed centrifugation to remove débris. 


Properties of T;-F and T,-N-—The previous data were obtained on various 
virus concentrates that had been prepared at different times. These prepara- 
tions varied in age, handling, ete. To afford a more careful comparison of 
the properties of these viruses and the media in which they were grown, 
three preparations each of T.-F and T.-N were made simultaneously as 
follows: Three 100 ce. aliquots of lactate (F) or nutrient broth (N) were ino- 
culated with Escherichia coli B and grown to 10° bacteria perce. Each was 
inoculated with the same sterile T,-F concentrate at a concentration of 10° 
perec. The cultures were aerated at 37° for 18 hours. The lysates were 
centrifuged at 4000 k.p.m. for 1 hour. The supernatant fluid was assayed 
for virus and aliquots were removed for estimation of desoxyribonuclease 
activity. The low speed supernatant fluid was sedimented at 60,000g for 
lL hour. The pellets were resuspended in 0.85 per cent NaCl in one-six- 
teenth the volume of the original lysate. 
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These concentrates were assayed for activity, streptomycin sensitivity 


before and after desoxyribonuclease digestion, stability alone and in strepto. _ 


mycin, and DNA content. To 0.8 cc. of the F and N concentrates were 
added 0.1 cc. of 0.05 N veronal at pH 7.2 and 0.1 cc. of 0.0001 per cent 
DNase. The solutions were incubated at 37° for 2 hours. In Table TI 


Ns 
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o1+ 
20 so 40 50 60 MIN. 


Fic. 3. Depolymerase (DNase) activity of lysates on Ty-F 


are presented the titers of the lysates and concentrates, the recovery of 
activity after sedimentation, streptomycin precipitability, and the DNA 
content per cc. of concentrate. 

From these data it may be seen that the first sedimentation of T,F 
consistently resulted in an apparent doubling of active virus. This sug- 
gests the separation of virus from an inhibitor present in F lysates. Un- 
published data on one-step growth of T, on Escherichia coli B in the lactate 
medium have frequently indicated the inactivation of about 30 to 50 per 
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cent of the virus immediately after maximal lysis. It is possible that an 
inactive complex of virus and inhibitor was dissociated simply by ultra- 
centrifugation; this phenomenon is frequently encountered in the ultra- 
centrifugation of mixtures of neutralizing antibodies and viruses. In 
addition, the previous observations on T,;-F and T;-N with respect to strep- 
tomycin precipitability before and after DNase treatment have been con- 


T- 16hrs. 
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Fic. 4. The activation and stability of pancreatic desoxyribonuclease in lactate 
medium or nutrient broth. 


firmed on simultaneously prepared virus preparations derived from the 
same inoculum of T,-F. 

DNase Activity of F and N Lysates—To 2 ce. aliquots of T;-F at 5 X 10" 
per cc., previously demonstrated to be specifically reduced in viscosity by 
DNase only, were added 1 cc. of water and 2 cc. of the appropriate lysate 
clarified by low speed centrifugation. The viscosity changes of the mix- 
tures at 37° are presented in Fig. 3. 

Activity and Stability of Pancreatic DNase in Different Media—DNase 
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activity of N lysates over F lysates may be explained in many ways. Two | 


possibilities were tested: (1) that nutrient broth activates DNase to a 
greater extent than the protein-free and Mg-low F medium; (2) that the 
stability of DNase is greater at 37° in broth than in lactate. Both 
conditions were found to be true. 
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Fic. 5. The inactivation of T; at 37°. ¢/co represents the fraction of residual acti- 
vity where co is the initial titer and ¢ the titer at the time of assay after incubation. 


A 0.01 per cent solution of pancreatic desoxyribonuclease was freshly 
prepared in the absence of added MgCl, and gelatin. The enzyme was 
diluted 1:10 in broth or lactate (F) of the same pH. ‘To 4 ce. of 0.1 per 
cent NaDN(p) were added 1 cc. aliquots of the diluted enzyme. From 
Fig. 4 it can be seen that DNase diluted in broth reduced the viscosity of 
NaDN(p) faster than the same quantity of enzyme diluted in F. 

The 0.001 per cent DNA in broth and F were kept at 37° for 18 hours. 
At the end of that time, 1 cc. aliquots were retested with 4 cc. of substrate. 
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DNase in F had lost all of its activity in contrast to the DNase added to 
broth, which still possessed some activity. These data also are presented 
in Fig. 4. 

Effect of DNase on Stalnlity of at 37° The concentrates of 
described in Table II were used in these studies. They included Ng, Fs, and 
DNase-treated F;. The concentrates in 0.85 per cent NaCl were diluted 
in saline to about 2 X active particles perce. To 0.5 cc. of diluted virus 
was added 0.5 ec. of 0.05 NS veronal at pH 7.2. The solutions were incu- 
hated at 37° and assaved over a 6 hour period. The inactivation curves 
are presented in Fig. 5. The inactivation of these materials appears to 


O+- 
1 2 4 HRS. 


Fig. 6. The inactivation of T, by streptomycin at 37° 


follow a first order reaction; the velocity constant for the inactivation of 
T:-F is about twice that of T.-F treated with DNase and T.-N. 
Streptomycin Inactivation of T,—To 0.5 ce. of the same preparations of 
Ns, F;, and DNase-treated F, was added 0.5 ec. of 1.0 per cent crystalline 
streptomycin trihydrochloride in 0.05 N veronal at pH 7.2. The solutions 
were incubated at 37° and assayed over a 6 hour period. The inactivation 
of T;-N by streptomycin appears to follow a first order reaction, whose 
velocity constant is about 3.5 times that of T,-N in the absence of the anti- 
biotic, as is demonstrated in Fig. 5. On the other hand, the inactivation of 
T:-F by streptomycin is not a first order reaction (Fig. 5) but appears to 
be a bimolecular reaction, as established by the linear relation between 
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¢/c and time, observable in Fig. 6. Thus the inactivation of T,-N jy In 
first order in the presence or absence of streptomycin, while the inaetiyg. oe 
tion of T.-F is first order in the absence of, and bimolecular in the presenee | (2) t 
of, streptomycin. DNase-treated T,-F is intermediate between T.-N and strer 
T:-F in the rate of inactivation in the presence of streptomycin but possesses of T 
a stability close to that of T.-N in the absence of the antibiotie. It js | 
possible that on prolonged DNase treatment, T)-F would behave like T,X | won 
in all respects. | 
The data of T, inactivation by streptomycin have been plotted without | ae 
correction for the first order inactivation of T, alone. In view of the ab. this 
sence of other data which might permit hypotheses as to the mechanism of possi 
streptomycin inactivation, the data are presented in this form. tions 
DISCUSSION Thus 
It is a matter of interest that streptidine, which lacks antibiotic activity, likely 
is incapable of lattice formation with NaDN(p). This suggests a cis con. ingly 
figuration of the guanido groups relative to the plane of the cyclohexane, | she ¢ 
resulting in a spatial orientation that prevents the two guanido groups ia ery 
streptidine from linking two separated polymeric nucleic acids. On the Hook 
other hand, it is probably not a coincidence with respect to the mechanism T-F. 
of antibiotic activity that streptobiosamine ts essential to lattice formation, than 
presumably by virtue of the third basic group which it supplies. Whether Alt 
the mechanism of in vivo activity involves the binding of specific nucleic jp Joy 
acid molecules essential for multiplication processes in the cell is still tobe peaet 
determined. It is possible that the conversion of the methylamine d ying 
streptobiosamine to a guanido group might increase the nucleic acid— to se} 
binding capacity at physiological pH and thereby increase the potency of appea 
streptomycin. | strept 
Since the DNA on T;-F which may be removed by DNase is not essential | pig » 
to virus activity, the theoretical objection may be raised that this material | of the 
is not really part of the virus. Also it may be asked whether this material | yjnyeg 
may not have been adsorbed to the virus after lysis. In regard to the first ang iy 
question, We may say in general that we know of no compound possessing In 
biological activity in which every atom is essential for that activity. Inthe} soja) 
case of tobacco mosaic virus (16), for instance, a considerable percentage | py th 
of amino groups may be covered without preventing the synthesis of vir) ,, 
containing free amino groups. This question properly depends on a deb yjnne. 
inition for the word “‘virus,”’ a term upon whose precise significance agree | 
ment has not yet been reached. It may be pointed out that the M protem | synth 
of streptococcus May be stripped from the surface of the organism by pro-- 
teolytic enzymes (17) without killing the organism or impairing its ability Iw 
to synthesize M protein in subsequent generations. sistan. 
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In considering the important question of the nature and origin of the 
externally oriented DNA, (1) the sedimentation of DNA and _ virus, 
(2) the stability of T, as a function of DNA, (3) the inactivation of T, by 
streptomycin as a function of the surface DNA, and (4) the different sizes 
of T; in broth and simple medium according to Hook et al. (6) strongly 
suggest a structural réle of this material in the particle-bearing virus ac- 
tivity. The latter workers have described in addition the gradual decom- 

ition of T, concentrates derived from synthetic media, with the libera- 


tion of soluble material, apparently containing nucleic acid. However, 


this decomposition product was not readily sedimentable, although it is 
possible that some was adsorbed to sedimenting virus. In our prepara- 
tions of T,-F, described above, the DNA was almost entirely sedimentable. 
Thus although the apparent external coat of DNA mav be attributed to 
the adsorption of the decomposition product of T,-F, this does not seem 
likely, since non-sedimentable DNA was not found in the fresh and seem- 
ingly non-decomposed preparations of T,-F. Regardless of the origin of 
the external coat of DNA on T.-F, a structural difference between T,-F 
and T;-N appears to exist, since we have observed, in confirmation of 
Hook et al. (6), that T,-N does not readily liberate DNA, in contrast to 
T:F. Our data suggest that the external coat of DNA is the cause rather 
than the result of this difference. 

Although tobacco mosaic virus appears to have its ribose nucleie acid 
in long strips at the surface of the particle (18), the nucleic acid does not 
react with ribonuclease while it is on the virus, nor is it removed from the 


_ virus by this or other enzymes (19,20). Furthermore all procedures known 
to separate the nucleic acid and protein inactivate the virus. It would 


appear from the inability of tobacco mosaic virus to form a lattice with 
streptomycin and the ribonuclease insensitivity that the acid groups of 
this nucleic acid are oriented internally, in covalent linkage with groups 
of the protein. Thus the surface orientation of nucleic acid in different 


_ Viruses may be accomplished in various ways, with more or less firmness 
and importance for the essential quality of the stimulation of duplication. 


In the case of the typhus vaccine, it was demonstrated that the main 
soluble antigen was a degraded product derived from epidemic rickettsiae 
by the proteolytic activity of the host (21). A similar relationship with 
respect to enzymatic degradation during cultivation has been noted in this 


me virus system and it may be expected in general that the biologically active 


products of host-virus interaction are not solely the completed products of 


ein synthetic mechanisms. 


ity 


I wish to thank Miss Catherine B. Fowler for ecmpetent technical as- 
sistance during this work. 
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SUMMARY 


Streptomycin and desoxyribonuclease have been employed to study the 
surface structure of T, bacteriophage as a function of their ability to rege 
with desoxyribose nucleic acid. The desoxyribose nucleic acid content 
stability, viscosity, precipitability, and rates of inactivation by streptomy. 
cin of T, bacteriophage have been found to be a function of the conditions 
of preparation of the virus. These differences appeared in T, preparations 
as Well. Parasitism of Escherichia colt B in F medium results in the pro. 
duction of virus coated with DNA. Parasitism in the host in nutriey 
broth results in virus free of this coat, possibly removed by the DNaw 
liberated from the lysed organism. This DNase is activated and stabiligg 
by nutrient broth. 
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STUDIES OF AMINO ACID METABOLISM * 


1 BLOOD GLYCINE AND ALANINE AND THEIR RELATIONSHIP TO THE 
TOTAL AMINO ACIDS IN NORMAL SUBJECTS 


By GEORGE GUTTMAN ann BENJAMIN ALEXANDER 


(From the Medical Research Laboratory, Beth Israel Hospital, and the Department of 
Medicine, Harvard Medical School, Boston) 


(Received for publication, February 6, 1947) 


Although the concentration of free a-amino acid nitrogen in human blood 
has been determined accurately by recently developed procedures (1), 
measurement of the concentrations of the individual amino acids awaits 
the establishment of specific methods for their determination. 

Glutamine comprises 18 to 25 per cent of the free a-amino N in human 
plasma (2). In addition, studies (3) in which microbiological assay 
methods were used give values for ten other amino acids whose total con- 
centrations account for 76 per cent of the value for the free a-amino acid 
N reported in the literature (1, 4, 5). From these figures it would seem 
that approximately all of the free amino acids in plasma can be accounted 
for, despite the fact that glycine, alanine, cystine, proline, methionine, and 
serine are not included. ‘That these data are inconsistent is indicated from 
evidence presented below that glycine plus alanine constitutes 24 per cent 
of the a-amino N of plasma. ‘This finding also may reflect the fundamental 
role of these amino acids in metabolism, despite the fact that thev are 
considered “*non-essential.”’ 

Little is known concerning the amino acids in erythrocytes. In a few 
recorded analyses, the a-amino N content has been shown to be about 
twice as great as that of plasma (1, 6). When, however, the values are 
corrected for the high glutathione’ content of red blood cells, the free 
a-amino N is reported to be almost the same as that of plasma (8). 

The development of specific methods for the determination of glycine and 
alanine (9, 10) made it desirable to establish the concentrations of these 
substances in the blood of normal subjects. Data are here presented on 
the content of alanine and glycine in human whole blood, plasma, and red 
blood cells under fasting and non-fasting conditions. In addition, alter- 
ations in the concentrations of these constituents consequent to the in- 
gestion of glycine are reported. 

_* This study was supported by a grant from the John and Mary R. Markle Founda- 
tion. 

‘Glutathione interferes in the determination of free a-amino nitrogen by the 
ninhydrin-CO, method, since the free a-amino carboxylic group of its glutamic acid 
reacts with ninhydrin, evolving | mole of CO, per mole of the peptide (7). 
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Simultaneous measurements of the free a-amino acid N of blood ay indi 
included, and also some observations on the excretion of glycine in th and 
urine. 


Method 


Glycine and alanine were measured by methods previously described V, 
(9,10). Total free amino acid N was analyzed according to the method ¢ erytl 
Hamilton and Van Slyke (1); pierie acid was used as the deproteinizin | = —— 
agent. No allowance was made for the urea content of whole blood, whid 
was presumed to be normal. | 

Venous blood from laboratory workers, interns, and nurses was draw 
into bottles containing 1 drop (desiccated) of 20 per cent potassium oxalate — Male 
per 5ec. of blood. For determinations of concentrations during the fasting 
state, blood was obtained just before breakfast after a 12 hour fast. Blood 
and plasma were deproteinized within 15 minutes after the blood was ob 
tained, and the protein-free filtrates were stored in the refrigerator until” 
determinations were made (most of them within 24 hours after the with. 
drawal of blood). The glycine, alanine, and free amino N of the red blood 
cells were calculated from the values obtained for whole blood and plasms 
and from the hematocrit which was determined in the routine manner 
Almost all of the amino acid determinations were carried out in duplicate: 
and the results were averaged. , 

The effect of glycine administration was studied in three fasting subjects Av 
following the ingestion of 1 gm. of this amino acid® per 10 pounds of body 
weight. The material was given in 240 ec. of water or tomato juice. The 
values recorded.in these experiments are single determinations. | 

For the measurement of the urinary excretion of glycine, the urn 
passed during a 24 hour period was collected in bottles containing 10 ee. d, 
toluene and 5 ec. of 10 per cent hydrochloric acid. During this same 
period the dietary intake was recorded and its protein, carbohydrate, and 
fat content was calculated. 


Results 


The concentration of glycine in the blood and plasma of ten fasted male 
and eight fasted females was strikingly uniform (Table 1). The averag 
concentration in blood was 2.02 mg. per cent (standard deviation 0.14), i 
plasma 1.77 mg. per cent (standard deviation 0.26), and in the red cel Ave 
2.36 mg. per cent. 8 

Alanine was present in greater concentrations, mole for mole, than glycine Sta 
(Table I). The average amount in whole blood, plasma, and cells wasth}| =~ 
same, essentially 4 mg. per cent. Variation in the level of alanine frot) amin 

Was | 


?Glycine purchased from the Eastman Kodak Company, Rochester, New York 
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individual to individual was somewhat greater than obtained with glycine, 
and there seemed to be no relationship between the concentrations of these 
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Taste I 
Distribution of Glycine and Alanine in Blood of Normal Fasting Subjects 
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Values expressed in mg. per cent; C, and P, indicate concentration of glycine in 
erythrocytes and plasma respectively, C, and P, alanine concentrations. 


Subject 


—_— 


Average of all 
subjects 
Standard deviation. 


amino acids. No significant difference in alanine or glycine concentration 
was noted between males and females. 


| Glycine concentration 


Blood Plasma! Cells 


1.98 | 1.75 | 2.20 
2.12 | 2.15 | 2.08 
1.93 | 1.67) 2.20 
2.60) 1.64 
2.15} 1.98 | 2.48 
1.90 154) 2.33 
2.08 | 1.52! 2.77 
2.02 | 1.85 | 2.21 
22) 2.60 
| 1.76 | 1.47 | 2.06 
2.80 1.82) 1.95 
201 2.23 
(2.06 1.75 2.53 
2.17 | 1.87 | 2.58 
| 2.81 1.65 | 2.06 
2.00 1.48 2.93 
193 1.66 2.30 
1.55 3.53 


0.88 | 8.72] 
1.80 2.62 
2.08 1.69 2.52 
0.26) 0.40 


Ce Alanine concentration 
Pe Blood Plasma Cells | | cells 

| per cent 
1.25 | W 
0.96 
3.71 | 3.66 | 3.78 1.03) 45 
1.32) 3.90 2.90) 4.90 1.69 50 
0.63 5.58 5.62 5.55 0.99 5S 
1.25 | 4.33 | 4.26 | 4.43) 1.04) 42 
1.51 | 3.84 | 3.52} 4.221 1.20) 46 
181 2.79 | 3.01) 2.52 088! 44 
1.20 | 4.16 | 3.89 4.47) 1.15 | 52 
1.38 | 4.53} 4.31} 4.80) 1.41} 45 
41.40 | 4.57 | 4.80) 4.32 0.90 49 
1.07 | 3.95 | 4.31 8.52 | 0.82, 46 
(1.25 | 4.14 | 4.08 4.25 | 1.08 48 
| 40 

(1.36 | 3.65 | 3.02} 4.55 1.51] 41 
2.24) 3.39) 3.26) 3.60) 1.11} 40 
(1.98 | 3.11 | 3.12 2.97 | 0.96 42 
3.89 4.12 | 3.57 0.87 42 
| 3.77 | 3.43 | 4.32 1.29] 38 
| 4.12) 4.32) 1.08) 41 
1.26 4.00) 4.20) 3.71 O88) 41 
| 5.11 | 4.77 | 5.60| 1.17] 42 
$.28 | 3.75 2.65 0.71) 43 
1.14 | 3.89 4.541295 0.65) 41 
145 441 4815386 0.80) 42 
1.51 | 3.87 | 3.91 | 3.83 | 1.00) 41 

| | 
1.37 | 4.00 | 3.97 4.038 1.04) 44 
0.62 | 0.70 | 0.83 | 
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The concentrations of glycine and alanine recorded above are in good 
agreement with the observations reported recently by Christensen ang 
Lynch (8). These investigators, employing the same analytical methods 
(9, 10), give plasma glycine values for five subjects which range from LL 
to 1.98 mg. per cent (average 1.66) and alanine levels on three subjects 
of 1.50, 2.42, and 3.94 mg. per cent (average 3.36). Their glycine and 
alanine determinations in erythrocytes are too few to be compared statis 
tically with ours. 


The average concentrations of free a-amino N in the blood, plasma, and 
erythrocytes of nineteen fasting subjects were 5.86, 3.93, and 8.48 mg. per - 
cent respectively. The variation from individual to individual was cop. 


Tassie Il 
Relation of Glycine and Alanine to Total Free a Amino Acid Nitrogen in Blood" 
| Blood | Plasma | Red cells 
Glycine | Alanine Glycine Alanine on Glycine | Alanine 
M. B. | 4.64 | 0.286 | 0.487 | 3.28 | 0.261 | 0.479) 6.52 | 0.331 | 0.498 
BO. | 4.50 | 0.277 | 0.313 | 3.08 | 0.203 | 0.338 | 6.31 | 0.369 | 0.8 
F.R. | 4.93 | 0.293 | 0.509 | 3.57 | 0.251 0.484 6.59 | 0.347 | 0.5% 
COR. 4.86 0.234) 0.514 3.31 | 0.196 0.540 6.46 | 0.275 | 0.4% 
| 0.252 0.444 3.02 0.243 0.484) 4.89 | 0.260 | 0.3% 
G. L. | 3.44 | 0.241 | 0.381 | 2.48 | 0.220 0.364 4.89 | 0.273 | 0.404 
N.M. | 4.07 | 0.260 | 0.449 | 2.73 | 0.236 0.472 6.16 | 0.206 | 0.417 
B. G. 3.96 | 0.241 | 0.437 2.81 | 0.220 0.510) 5.61 | 0.260 | 0.331 
iL 3.86 | 0.285 | 0.496 | 2.21 0.240 0.540 6.14 0.349 | 0.48 
| | | 
Average. 4.24 | 0.263 0.448 2.94 0.231 0.468 5.95 0.307 | 0.421 


* Values expressed in milliequivalents of N per liter. 


siderable; in ten males the a-amino N in plasma ranged from 3.15 to 4.7 
mg. per cent (average 4.38) and in nine females the values varied from 
2.95 to 3.99 (average 3.43). In whole blood the range for males was 4.19 
to 7.81, for females 4.34 to 6.35 mg. per cent. a-Amino nitrogen in re 
blood cells varied from 6.85 to 11.16 in men and 6.29 to 10.79 mg. per cent 
in women. For the whole group the standard deviation was 0.66 fe 
plasma, 0.94 for whole blood, and 1.58 for erythrocytes. 

The free a-amino acid N of plasma observed by us is perhaps slightly 
lower than that reported by others (1,5). More discordant is the fact that 
we find a difference in values between the sexes, although it does not appea 
to be statistically significant. 

Glycine constituted 6.2, 8.0, and 5.2 per cent of the free a-amino % 
in whole blood, plasma, and red cells respectively (Table I]). The figure 
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for alanine were 10.6, 16.1, and 7.1 per cent respectively. Together they 
comprise a relatively large fraction (24 per cent) of the total free a-amino 
acid nitrogen in human plasma. ‘This finding is not in accord with the 
recent reports of Hamilton (2) and Hier and Bergeim (3), whose data, 
taken together, leave little or no room for alanine and glycine or for aspartic 
acid, cystine and cysteine, methionine, proline, and serine, which have not 
been determined. According to the former authors, glutamine constitutes 
from 18 to 25 per cent of the free a-amino acid N of plasma. The latter 
observers account for 76 per cent of the total amino N in the form of ten 
other “essential” and “‘non-essential” amino acids. It is difficult to as- 
eribe this discordance to erroneously high values reported for glutamine. 
It is more likely referable to the microbiological assay methods employed by 
Hier and Bergeim (3), by which no distinction between free and bound 
amino acids is shown, whether the latter are “conjugated” or in peptide 
combinations (8, 11). 

Glycine and alanine comprise a smaller percentage of the free a-amino 
N of erythrocytes, despite the fact that the concentration of glycine is 
greater, and of alanine no less, in the cells than in the plasma. 

The free amino N of red blood cells is about twice as great as that of 
plasma. This is in accord with the observations of other observers, who, 
using the same technique (1, 8, 12), report values which range from 6.5 to 
9.6, averaging about 7.7 mg. per cent. As has been pointed out by other 
observers (7,8) glutathione contributes largely to the high amino N values 
obtained for erythrocytes.’ It seems unlikely, however, that this is the 
whole explanation of the discrepancy between erythrocyte and plasma 
amino N, since, at most, red cell glutathione amino N (as measured by the 
determination of “bound” glycine (8) or the analysis of the glutathione 
directly (13, 14)) comprises only 2 to 3 mg.; if this is deducted from the 
total free a-amino N values for red cells, we are still left with a concen- 
tration of free a-amino non-glutathione N exceeding that in plasma. It 
should be noted, also, that irregularities in the recovery of glutathione in- 
filtrates of biological material deproteinized by agents other than sulfo- 
salicylic acid (8, 13) would tend to give erroneously low values for the 
a-amino N of erythrocytes which have been rendered protein-free by tungs- 
tie or picric acid. Accordingly, the difference between the free, non-glu- 
tathione, a-amino N of erythrocytes and plasma is probably even greater 
than indicated above. 

If from our observed values for red cell amino N (6.06 milliequivalents) 
we deduct the value of red cell glutathione obtained by others (2.14 millie- 
quivalents of a-amino N), we are left with 3.92 milliequivalents of non- 
glutathione a-amino N, of which glycine constitutes 7.8 per cent and al- 


* The concentration of glutathione in plasma is negligible (8, 13). 
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anine 10.7 per cent. The ratio of glycine to non-glutathione a-amino XN 
in the erythrocyte thus is practically the same as that in plasma (8.0 per 
cent), whereas for alanine the relative concentration is greater in the plasma 
(16 per cent) than in the cells (10.7 per cent). As far as we have been able 
to ascertain, similar studies have been made for only one other amino acid, 


Ill 
Blood Glycine and Alanine in Non-Fasting Normal Subjects 


| | Blood | Plasma | Cells | | Blood Plasma | Cells 
per cons 
0 2.00 | 1.64 | 2.50 | 1.52 | 2.74 | 1.75 | 4.09 | 2.34] 42.0 
| 2.30 | 
| 2.36 
2.00 | 2.72 | 1.93) 3.81) 1.97 | 4.50 4.00 | 5.20] 1.30] 42.0 
M.M. 1.50 | 3.06 | 1.96 | 4.28) 2.18 3.32 2.15 | 4.86 | 2.26 | 43.0 
1.95 | 1.77 | 2.22 | 1.26 | 4.00 | 4.20 | 3.71 | 0.88 | 41.0 
B.A. | 0 | 1.98] 1.75 | 2.20] 1.25 2.16 50.0 
1.25 | 2.42 | 1.96 | 2.88 | 1.47 | 4.16 | 4.40 | 3.92 | 0.89 | 50.0 
O* | 2.42 2.32 | 2.52 | 1.09 3.00) 2.50 | 3.50) 1.40] 50.0 
0.50 | 2.60 2.00 3.20) 1.60) 2.34 268 2.00 0.75) 30.0 
1.00 | 2.86 2.24 3.48/1.55 4.18 4.32) 4.04) 0.94) 50.0 
2.25 | 2.80 | 2.18 | 3.42 1.57 | 3.84 | 3.84) 3.841 1.00) 50.0 
3.25 | 2.64 | 2.06 | 3.22 | 1.56 4.58 | 50.0 
JL. | 2.00 | 1.97 3.42 
F.R. 2.00 | 2.26 | 1.72 | 3.13 | 1.82 | 3.84 | 4.16 | 3.31 | 0.80 | 38.0 
E. L. 0.50 | 1.86 | 1.55 | 2.18 | 1.41 | 3.34 | 3.07 | 3.60) 1.17] 49.5 
W. R. 1.00 | 1.86 | 1.56 | 2.24 1.43 | 44.0 
G. G. 0.55 | 2.35 | 2.02 2.74) 1.36 6.40) 4.16 9.00) 2.15) 46.0 
I. E. 1.30 | 4.410 | | 
8.C. | 1.25 | 3.71 3.21) 0.87 | 43.0 
Average of values | | | | | | 
during absorp- | | | | | 
live state ......) 2.41 1.93) 3.120 1.63 3.94 3.73 4.30) 1.15 


* This blood was obtained immediately before dinner, 3 hours after a light break- 
fast. The time relationships of the subsequent analyses are based on this deter- 
mination. 


tryptophane, whose concentration in cells is only one-fifth of that in plasms 
(12). This evidence suggests that the pattern of amino acids with respect 
to their relative concentrations is different in the plasma from that in the 
erythrocyte. 

Blood glycine concentrations were higher in non-fasting than in fasting 
subjects (Table III). This was observed particularly in the cells, resulting 
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in an increase in the concentration ratio of cell to plasma glycine. On the 
other hand, no significant difference was observed between the alanine 
concentrations of fasting and non-fasting blood. 

Following the ingestion of glycine its concentration rises rapidly in plasma 
and erythrocytes, attaining its highest peak in from 1 to 1} hours (Fig. 1). 


ALANINE N 


GLYCINE N 


HOURS AFTER GLYCINE 

Fic. 1. Glycine N, alanine N, and total free a-amino N following ingestion of 
glycine. @ represents glycine N; O alanine N; 0 a-amino N. All values are given 
in mg. per 100 ce. The solid lines indicate whole blood; the broken and dotted lines, 
plasma; the dash lines red blood cells. As will be noted in the experiment on N. M., 
the control value of the a-amino N for whole blood is unfortunately missing, due to 
a technical error encountered in that analysis. In view of evidence (17) indicating 
that blood a-amino N returns essentially to normal within 3 hours following the 
oral or parenteral administration of amino acid mixtures, there might be some justi- 
fication for considering the 4 hour value of the above subject in lieu of the control. 


That glycine is easily absorbed from the gastrointestinal tract is thus in- 
dicated. This is in accord with the early observations of Folin and Berg- 
lund (15), who reported a rise of 3 mg. of amino N within 2 hours in the 
blood of a subject who had received 1.2 gm. of glycine per 10 pounds of 
body weight. Thereafter, the level declines rapidly (Fig. 1) but does not 
return to the preingestion value within 5 hours. ‘The early rise in glycine is 
greater in the plasma than in the red blood cells, resulting in a marked 


le 
an 
“Ji \ an 
7 ; fj 
6 
5 \ rt 
) j " i 
‘ 
) SUBIE T e 4 ; 
) GG CT 
) 
¢ < 
0 
4 
x 
33 
0 3 rs \ 
‘ 
5 
0 
1 
i 
ak- 


534 AMINO ACID METABOLISM. I 


decrease in the concentration ratio of cell to plasma glycine. This suggests x, 
either that glycine does not enter the erythrocyte readily or that the amino gh 
acid is rapidly converted there to something else. That red cell amino cel 
N rises much more than red cell glycine after the ingestion of this aming gly 
acid (Fig. 1) supports the latter view, if we consider that glycine may be rea 
rapidly converted in the cells to glutathione. rel: 

The speed with which ingested glycine is absorbed into the blood stream ’ 
has been referred to above. But the slowness with which the blood js mg 
completely cleared of its added glycine is noteworthy and is in discord with dey 
the behavior of most amino acids, which are rapidly removed (16, 17). the 
Other observers have similarly noted the slowness with which the blood (A. 
amino N returns to its control level following the ingestion of glycine — nur 
The administration of this amino acid apparently results in its accumu __fror 
lation in other tissues also. It has been shown that of most amino acids | 
only glycine causes a rise in the amino N of muscle; in liver, it caused a 
greater rise in amino N than any other amino acid (18). ‘These facts an | 
also consistent with evidence (19, 20) that glycine, in contradistinction to 
other amino acids, is deaminated and oxidized with great difficulty by 
tissue slices or suspensions of broken cells.‘ 

On the other hand, it has been conclusively demonstrated by means o 
glycine tagged with carbon isotopes that its metabolism starts immediately 
following its administration, since isotopic carbon dioxide soon appears in 
the expired air (22). Nevertheless, glycogen formation from glycine does 
not take place till 6 hours after its administration (23). 

It is conceivable that the slowness with which ingested glycine is com- 
pletely cleared from the blood is due in part to delayed excretion into the 
urine. Our observations indicate that only very small amounts of glycine 
are excreted, even when there are large amounts in the blood. After the tie 
administration of this amino acid to two subjects (G. G., N. M.) only 8} — 
and 43 mg. were recovered in the urine in 34 and 5 hours respectively. E 
One of these individuals excreted 98 mg., the other 148 mg. during 24 hour} mini 
on another day, when the intake was derived solely from the diet (Table) fiean 
IV). It is unlikely, therefore, that the ingestion of glycine would greatly| — natic 
augment this figure. The per cent of the dose which appears in the urine In 
(less than 1 per cent) is less than the values reported for the excretion @] paral 
other amino acids. In dogs, 16 per cent of the amino N of a casein hy} takey 
drolysate is excreted within 1 hour (16), and, when pure amino acid m+] q-am 
tures are given orally and intravenously, 3 to 5 per cent and 2 to 16 pet? plus_ 

cent, respectively, are excreted in the urine (17). The reason for the smal] and ¢ 


‘Although Ratner et al. (21) have recently described a specific enzyme, occurring 
in many animal tissues, which converts glycine to glyoxylic acid by oxidative deam- We 
nation, there is no evidence that this occurs in intact tissues. 
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excretion of glycine following its ingestion may well be a reduction in 

erular filtration consequent to elevation of the plasma glveine con- 
centration (24, 25). It should also be noted that of the four amino acids, 
glycine, alanine, glutamic acid, and arginine, the rate of renal tubular 
reabsorption is highest for glycine (25), which also may account for the 
relatively small excretion of this amino acid in urine. 

The average amount of glycine excreted in the urine in 24 hours is 120 
mg. (Table IV). The variation from individual to individual seemed in- 
dependent of the sex, the volume of urine passed, its specilie gravity, and 
the composition of the diet (carbohydrate, protein, or fat). One subject 
(A. R.), however, who excreted 227 mg. of glycine, had ingested the largest 
number of calories of our series; a large fraction of the calorie intake came 
from protein and fat. 


Taste IV 
Glycine Excretion in Normal 24 Hour Urine 


Subject Urine volume Glycine Total glycine | Calories ingested 
per cc. me. 
G. G., 1049 93.0 97.7 | 
1135 72.8 | 82.6 2223 
N.M., 9? 2350 63.8 | 148.0 1656 
W.B. | 1065 115.0 | 122.5 1953 
WS 100.2 103.1 1432 
I. E., 9 930 117.4 | 109.2 1635 
1330 93.8 124.8 1530 
L. R., 9 755 127.2 06.2 1643 
G. L., 9 1173 75.0 SSO 
A. R., L158 196.0 | 227.0 | 3011 
Average ? 119.9 


Erythrocyte and plasma alanine also rise slightly following the ad- 
ministration of glycine (Fig. 1); although the change is small, it is signi- 
fieantly outside the limits of error of the analytical method. The expla- 
nation of this observation is obscure. 

In two cases studied (N. M. and G. L.) the free a-amino N of the blood 
paralleled the changes in glycine and alanine. 1 hour after glycine was 
taken, when changes in glycine concentration were maximal, the rise in 
a-amino N could be accounted for almost completely by the rise in glycine 
plus alanine. At this point, the difference between the rise in amino N 
and the increase in glycine plus alanine was 0.4 to 0.5 mg. of N.  Ocecasion- 
ally thereafter discrepancies of as much as 1.83 mg. of N were observed. 


We are indebted to Miss Norma Miller for technical assistance. 
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SUMMARY 


1. The concentrations of glycine, alanine, and free a-amino acid ni 
in normal blood, plasma, and red blood cells have been established. 

2. Glycine plus alanine constitutes 16.8, 24.1, and 12.3 per cent of the 
amino N in whole blood, plasma, and erythrocytes respectively. 

3. Following the ingestion of glycine, the concentration of this amino 
acid in the blood increases rapidly, then declines, but returns to its previous 
level slowly. There is a small concomitant rise in blood alanine. The 
changes in free a-amino nitrogen parallel those of glycine plus alanine. 

4. The urinary excretion of glycine during 24 hours, and after its ip. 
gestion, is small. 

5. The possible significance of these observations is discussed. 
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A MICROCOLORIMETRIC METHOD FOR THE DETERMINA- 
TION OF MANGANESE IN BIOLOGICAL MATERIALS WITH 
4,4/-TETRAMETHYLDIAMINOTRIPHEN YLMETHANE 


By ELIZABETH M. GATES ann GORDON H. ELLIS 


(From the United States Plant, Soil, and Nutrition Laboratory, Agricultural Research 
Administration, United States Department of Agriculture, Ithaca, New York) 


(Received for publication, January 13, 1947) 


In studies of manganese deficiency in the rabbit,’ a method for the deter- 
mination of this element in small samples of blood serum and other tissues 
was needed. The most promising of the organic reagents suitable for 
manganese appeared to be 4,4’-tetramethyldiaminodiphenylmethane, 
which has been used by Harry (1) in a colorimetric procedure and by Mellan 
(2) as a spot test reagent. Preliminary tests showed that 4,4’-tetra- 
methyldiaminotriphenylmethane is approximately 10 times as sensitive 
as the diphenyl compound; consequently this investigation was limited to 
the triphenyl compound. 

The method consists of a periodate oxidation of manganese to per- 
manganate with subsequent development of a vellow color by the reaction 
of permanganate and 4,4’-tetramethyldiaminotriphenylmethane. 

Factors influencing the reactions involved were found to be the kind and 
concentration of acid used, the concentration of periodate, and the tempera- 
ture and time of reaction between the reagent and permanganate. An 
acid mixture of 0.6 N in HNO, and 3.2 N in HsPO, was found to be satis- 
factory. The concentration of periodate is kept sufficiently constant by 
measuring the required amount of sodium periodate with a bowl-shaped 
glass scoop. 

Oxidation of the reagent by periodate is appreciable at a temperature 
of 90-100° and is slight by permanganate at temperatures of 20-40°. If 
the reagent is added to the permanganate-periodate solution at 75-85”, 
the reaction with the periodate is not appreciable, while the reaction with 
permanganate is sufficient to yield a good color. A temperature of 80° 
was therefore chosen as most suitable. 

The measurement of the final color is made by means of a photoelectric 
colorimeter of the Evelyn type (3) with matched test-tubes 18 mm. in 
diameter. The course of the reaction is followed by noting the galvanom- 
eter reading, and the lowest per cent transmittance is taken as the final 


reading. 


Ellis, G. H., Smith, S. E., and Gates, E. M., unpublished work. Smith, 8. E., and 
Ellis,G. H., unpublished work. 
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538 MANGANESE DETERMINATION 


Method 


Reagents— 

Water. Redistil water from an all-Pyrex still. 

Nitric acid. Redistil a 1:1 mixture of c.p. concentrated HNO, and water 
from an all-Pyrex still. - 

Phosphoric acid. c.P., 85 per cent. Different bottles of the same lot 
us well as different lots of phosphoric acid from the same company have 
been found to vary considerably in their manganese content. Choose 


supply giving a low blank. 


Acid mixture. To 600 ml. of 1 N HNOs (redistilled), add 75 ml. of & ° 


per cent H;PO,4 and make to 1 liter with redistilled water. 

Sodium periodate. The grade supplied by the Eastman Kodak Company 
is satisfactory. 

Color reagent. Make a 0.1 per cent solution of 4 ,4’-tetramethyldiamino- 
triphenylmethane in 5 per cent, by weight, H;PO,. The reagent, as ob — 
tained from Eastman, can be used without further purification. This ) 
solution should be prepared daily and must be absolutely colorless. | 

Standard manganese solution. Dissolve 0.144 gm. of c.P. potassium per — 
manganate in about 100 ml. of redistilled water and reduce with sulfur 
dioxide, as suggested by Richards (4). Boil off the excess sulfur dioxide | 
and, after cooling, dilute to 1 liter. 1 ml. of this solution contains 0.05 
mg. of manganese, and a suitable working standard is prepared weekly 
from this stock solution. 

Preparation of Samples. Bones-—Ash in a covered porcelain or silica 
dish for 18 hours at 600°. Add sufficient 1:1 HNQOs (redistilled) to dissolve — 
the ash and evaporate to dryness on a hot-plate. Reash at 600° for another 
18 hours. Repeat if necessary to get a white ash. | 

Blood or Blood Serum—WDry the sample in a porcelain or silica dish in 
a drying oven or on a steam plate. Start with a cool furnace, raise the 
temperature gradually to 600°, and hold for 18 hours. Add 3 ml. of 1:1 
HINQOs, take to dryness, and reash at 600° for a few hours. 

Liver It is usually difficult to ash liver, and a few ml. of 20 per cent 
magnesium nitrate added to the sample prior to ashing are helpful. Ash — 
at 600°, as above. It is sometimes necessary to resort to three HNO, | 
treatments before a white ash is obtained. | 


Procedure 


Dissulve the ash in the least possible volume of the nitric-phosphore 
acid mixture, warming gently to hasten solution. Transfer an aliquot of 
this solution containing 0.05 to 0.5 y of manganese to a 20 ml. glass 
stoppered test-tube, make to 10 ml. volume with the acid mixture, and add 
50 mg. of NalO, (a glass measuring scoop is sufficiently accurate). Heat 
for 1.5 hours in a boiling water bath. Transfer two 3 ml. aliquots to color- 
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imeter tubes, cover with an inverted micro beaker, and place in a water 
bath held at SO + 1.0° for at least 10 minutes. Remove a tube from the 
bath, immediately add 3 drops of the 4, 4’-tetramethyldiaminotriphenyl- 
methane solution, shake gently for 5 seconds, place in the colorimeter, and 
note the minimum galvanometer reading. The filter used is made up of 
Corning standard thickness Filters 3387 and 3962 and half standard thick- 
ness Filter 5113. A complete set of standards must be run simultaneously. 
Reagent blanks should read 90 per cent transmittance or higher. 


DISCUSSION 


The determination is most conveniently carried out by two persons, one 
tu operate the colorimeter and record the results and the other to prepare 
the samples for the colorimeter. 

Contamination is a big factor in reproducibility; samples should be cov- 
ered at all times to be protected from dust. During ashing Pyrex watch- 
glasses may be used. All glassware should be cleaned just prior to use 
with hot concentrated HNO, and rinsed with distilled water, followed by a 
small amount of redistilled water. Before the initial reading and be- 
tween subsequent readings the colorimeter tubes should be cleaned by 
rinsing with distilled water, followed by hot acid-mixture to which NalO, 
has been added. After draining, the tubes are ready for use. 

If samples are too concentrated, it is unnecessary to repeat the entire 
periodate oxidation if the sample is diluted with acid-mixture which has 
been boiled with NalOy. The diluted sample is then heated for 10 minutes 
in the boiling water bath before aliquoting. 

Upon addition of the reagent, the rate of development and of fading 
of the vellow color depends upon temperature, light intensity, and con- 
centration of manganese. When the reaction is carried out according to 
the procedure described above, maximum color of the blanks develops in 
about 3 minutes, upon addition of the reagent, and then remains constant 
for about 5 more minutes. Standards containing 0.5 y of Mn per 10 ml. 
reach a maximum color in about 30 seconds and remain constant for about 
45 seconds more. The rate of color development and fading is the same 
with standard manganese solutions or with samples of bone, liver, Canada 
field pea hay, blood serum, and milk, indicating that interfering substances 
are absent from these materials. 

Since the color reaction is influenced by strong light, this work was carried 
out in a darkened room with the light covered by yellow cellophane? After 
fading for a half-hour or so, the yellow color remaining is stable for at 
least 20 hours. This stable color, however, did not prove as satisfactory 
for quantitative work as the maximum color. 


* No. 300 PRC tango, du Pont. 
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Various organic solvents listed in Table I will extract the yellow color 
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and yield a blue solution in the non-aqueous phase, or, in the case of some 


Taste 


Color Reactions with Organic Solvents 


An equal volume of solvent added to a deep yellow-brown solution produced by 
the reaction of permanganate and 4,4’-tetramethyldiaminotriphenyl methane. 


Solvent Reaction 
Single phase 
Ethanol Colorless 
Acetone No change 
1.4-Dioxane Clear blue 
Pyridine 
Isopropy! alcohol 
Double phase Aqueous phase Solvent phase 
Skellysolve Yellow Colorless 
Xylene 
Carbon tetrachloride 
Diethyl ether 
Isoamy! acetate 
Cyclohexane 
Benzene Deep yellow Faint blue 
Chloroform Faint “ Blue 
Isobuty! alcohol Colorless 
Cyclohexanol Yellow 
Toluene Deep yellow Faint blue 
Ethylene dichloride Colorless Blue 
Taste Il 


Comparison of Manganese Values on Various Materials by Periodate and 


4,4'-Tetramethyldiaminotriphenylmethane Methods 


Periodate method 


Liver 
Bones 


per gm. 
69.0 
57.5 


4,4'-Tetramethyldiaminot riphenyh 
metha: - method 


| 
| per gm. 
Soy bean hay | 70.0 
| 59.8 
| 55.5 56.4 | 
| 0.375 0.385 
| 3.13 3.43 
| 2.77 3.35 
p 16.4 16.4 | 
7.88 8.72 
11.8 12.8 
14.4 14.4 
6.71 6.71 | 
11.6 10.6 
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| water-miscible solvents such as isopropyl aleohol and 1 ,4-dioxane, a blue i 
| homogeneous solution is produced. The intensity of the blue color is g 
| 4 
Tante 
Recoveries of Added Manganese be 
---- paren | 10 ml. solution | Added | Found Recovery | 
Liver 0.004 | 0.050 | 0.142 96.0 4 
| 0.145 102.0 
| | 0.150 112.0 
Soy beanhay | 0.215.200 | 0.405 95.0 
0.050 0.260 90.0 
Bone 
| Taste IV 
' Comparison of Manganese Values on Bone Samples Analyzed on Different Dates and 
| with Different Aliquots 
| Apr. 15, 1946 | Apr. 18, 1946 
Aliquot analyzed Mn per 10 mil. Aliquot analyzed Mn per 10 ml. 
1 5 0.134 10 0.137 
6 3 2.160 1 2.630 
2 5 0.100 10 0.110 
7 3 1.720 1 1.670 
0 5 0.116 10 0.115 
; 12 3 0.790 3 0.783 
: 16 5 0.118 10 0.109 
19 3 1.425 3 1.265 
20 5 0.168 10 0.169 { 
23 3 1.465 3 1.483 4 
35 5 0.160 10 0.155 i 
37 3 Over 2.7 l 3.560 17 
45 5 0.118 10 0.128 3 
48 3 1.400 3 1.435 : 
47 5 0.150 10 0.148 af 
49 3 2.310 1 2.810 { 
50 5 0.062 10 0.086 
51 3 1.345 3 1.355 : 
53 5 0.088 10 0.086 
5A 3 1.000 3 0.980 : 


roughly proportional to that of the yellow color and is somewhat more 
intense. If the need should arise for a more sensitive method, the use of 


such organic solvents offers a possible solution. i 
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Results 


The validity of the method was tested by a comparison with the periodate 
method (5), as shown in Table II. Since results by the two methods were 


100 = 


30 


200 300 400 $00 600 700 
WAVE LENGTH — MILLIMICRONS 


Fic. 1. Spectral transmittance curves for 4,4’-tetramethyldiaminotriphenyl- 
methane with manganese and the filter combination used in the determination of 
manganese. Curves were determined on the stable color with the Beckman spectro- 
photometer with 1 em. cells. Curve A, reagent blank; Curve B, 0.27 of manganese 
per 10 ml.; Curve C, 0.5 y of manganese per 10 ml.; and Curve D, light transmitted 
by combination of Corning filter Nos. 5113 (0.5 standard thickness), 3387, and 3062 
(standard thickness). 


TRANSMITTANCE — PER CENT 


in good agreement, no extensive tests for interfering substances were made. 
However, negative results were obtained with the following substances: 
iron, lithium oxalate, lead acetate and nitrate, copper acetate and sulfate, 
ammonium hydroxide and sulfate, magnesium sulfate, and silver nitrate. 
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The following substances gave a yellow color: chromium trioxide, 
ammonium vanadate, ceric ammonium sulfate, and ceric sulfate. The 
chloride ion also interferes and all samples containing chloride must be 
evaporated to dryness with 1:1 HNQO,;. Cerium and vanadium are not 
likely to be present in biological material to any appreciable extent, but 
care must be taken not to use glassware cleaned in chromice-sulfurie acid 
cleaning solution. 
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Fic. 2. Typical manganese standard curve 


TRANSMITTANCE-PER CENT 


Recoveries of manganese added to various materials ranged from 90 to 
112 per cent (Table II1). The data of Table IV show the reproducibility 
of the method carried out on different days with different sized aliquots 
of bone samples. 

The manganese method of Wiese and Johnson (6) was found by the 
authors to give erratic results when applied to samples containing less 
than a few micrograms of manganese. ‘This is believed to be due in part 
to the difficulty found in obtaining samples of sodium bismuthate giving 
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a sufficiently low blank and in part due to contamination of the sample 
during filtration. Of six lots of sodium bismuthate obtained from various 
sources, only one gave a reasonably low blank, but even in this case the 
blank was considerably greater than that obtainable in the present pro- 
cedure. 

The absorption curve for the yellow color, as determined with a Beckman 
spectrophotometer, is shown in Fig. 1. The transmission of light by the 
colorimeter filter combination is also shown in Fig. 1. 

The standard curve in Fig. 2 shows that Beer's law is not followed. 


SUMMARY 


A microcolorimetric method for the determination of manganese in 
biological materials with is 
presented. Results obtained by this method are comparable with those 
obtained by the periodate method, and satisfactory recoveries of added 
manganese are shown. The method is sensitive from 0.02 to 0.5 y of Mn 
per 10 ml. of solution, and results are reproducible on different days. 
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THE UPTAKE OF RADIOACTIVE PHOSPHORUS BY THE 
CALCIFIED TISSUES OF NORMAL AND CHOLINE- 
DEFICIENT RATS* 


By WILLIAM F. NEUMAN anno RICHARD F. RILEY 


(From the Department of Biochemistry and Pharmacology, The University of Rochester 
School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, February 3, 1947) 


In this laboratory in vivo studies of the uptake of phosphate containing 
radioactive P® by bone suggested that there is an appreciable ionic ex- 
change between bone and the circulating fluids (1). In a new series of 
experiments designed to observe the effect of dietary choline on bone me- 
tabolism, radioactive phosphorus, P™, was again employed. The newly 
acquired data have led to a reexamination of the magnitude of the ionic 
exchange process and have permitted a more accurate description of the 
mechanism by which radioactive phosphorus is transferred from the plasma 
to bone. 


EXPERIMENTAL 


Two groups of fifty male and two groups of fifty female rats were weaned 
and placed on an adequate synthetic diet (2). Young rats were employed 
because they are particularly susceptible to choline deficiency (3), and thus 
represented the type of experimental animal most likely to show bone 
changes. 

After 24 hours on the control diet to accustom all of the animals to a 
synthetic provision, one group of fifty males and one group of fifty females 
were placed on a choline-deficient diet. The choline-deficient was the same 
as the normal diet, except for the exclusion of the choline supplement and 
the inclusion of 0.5 per cent guanidoacetic acid. 

After 3 days on the synthetic provisions all animals were injected intra- 
peritoneally with inorganic phosphate containing P™ and sacrificed in 
groups of five at intervals ranging from } to 16 hours after the injection. 

The femurs were removed and dissected free of flesh; the diaphyses were 
grossly separated from the epiphyses and the metaphyses (hereinafter 
designated femur ends), and the material from each group of five rats was 
pooled. The pooled samples, after consecutive 24 hour extractions with 


* The work described in this paper was done in part under a contract, reecom- 
mended by the Committee on Medical Research, between the Office of Scientific 
Research and Development and The University of Rochester. Preliminary phases of 
this study were supported by a grant from the Nutrition Foundation, Ine., New York, 
to Hodge. 
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ethyl alcohol and ether, were ashed by boiling in 3 per cent potassium 
hydroxide in ethylene glycol to dissolve the organic matrix (4). Each 
sample of bone ash was dried to constant weight at 120° after washing with 
boiling water. The dried samples were dissolved in 2 N hydrochloric acid 
and diluted to suitable volumes for phosphorus (5) and radioactivity analy- 
ses. Radioactivity measurements were made on Bale immersion type, 
seale-of-four, Geiger-Miiller counters (6). The acid-soluble inorganic 
phosphorus from pooled blood samples of each group of five rats was isolated 
as the strychnine molybdate (7) for analysis and radioactivity measurement. 

The P® measurements were expressed as “specific activity coefficients” 
which are equal to the counts per minute per gm. of phosphorus divided 
by the counts per minute administered per gm. of body weight. 


Results 


In vitro studies in this laboratory’ have indicated conclusively that the 
inorganic substance of bone is capable of exchanging phosphate when sus- 
pended in a medium containing dissolved phosphate. With the available 
experimental methods, it is impractical to avoid such contamination of the 
inorganic phase of bone with high activity phosphate present in the tissue 
fluids which bathe the whole bone. It was necessary, therefore, to investi- 
gate the magnitude of P® exchange which occurs during the ashing process. 

The femurs of two rats were freed of adhering matter, cove ced with 25 ml. 
of 3 per cent potassium hydroxide in ethylene glycol, and allowed to simmer 
for 90 minutes. Then, 0.5 ml. of an aqueous solution containing radioactive 
phosphate (10,000 counts per minute = 2 y of phosphorus) was added and 
the solution allowed to simmer for another 90 minutes. The supernatant 
was decanted and the ashed bone washed repeatedly with small portions of 
distilled water. The washings were added to the glycol solution and made 
to a convenient volume. The ashed bone was dissolved in approximately 
2 ml. of 3.N hydrochloric acid and made to volume. Both the glycol and 
the solutions of bone ash were analyzed for phosphorus and radioactivity. 
The results are presented in Table I. From the data reported in Table 1, it 
can be seen that when the initial radioactivity of the ash = 0 (just at the 
time of addition of the tracer) and the radioactivity of the phosphate in the 
glycol = 10,000 counts per minute (just at the time of addition of the 
tracer), further glycol treatment transfers on the average 25 per cent of the 
activity to the ash phase. 

If it is assumed that the phosphate extracted by glycol has the same spe- 
cific activity coefficient as that of inorganic phosphate of blood (a maximum 
value), a correction can be applied to results from in vivo experiments to 


' Falkenheim, M., Hodge, H. C., and Neuman, W. F., unpublished work. 
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reduce the error introduced by the transfer of activity during glycol extrae- 
tion by means of the following equation: 


Counts per minute in bone ash —0.25 (specific 
activity of blood inorganic P mg. P in giveol) 
= corrected Xpecific activity 
Mz P in bone ash 
of bone ash 


Uplake of P™ by Femur of Young Normal Rats —‘The radioactivity meas- 
urements obtained from the study of the inorganic phosphate of blood and 
of the two portions of femur are presented in Fig. 1. Both corrected and 
uncorrected data are given. During the first few hours the specific activity 
coefficient of the circulating inorganic phosphate fell very rapidly. By 16 
hours, the specifie activity coefficient was decreasing quite slowly. On the 
other hand, activity appeared quickly in the phosphate of both portions of 


I 
Distribution of Radioactive Phosphate between Bone Ash and Glycol-Soluble Material 


F —_ Femur ash P Glycol P — in 
5.87 0.62 
35.7 5.79 0.56 45 
25.7 4.08 0.61 16.0 
28.0 4.41 0.56 44.8 
Average | 25.0 


bone, but the level remained high and relatively constant in spite of the 
concurrent rapid fall in the activity of the inorganic phosphate of blood. 

The important difference between the corrected and uncorrected data 
which are presented in Fig. | is the slower rise in the corrected activity of 
the phosphate of bone ash in the early time periods. 

Uptake of P™ by Femur of Young Choline-Deficient Rats To provide 
comparisons between control and deficient animals with respect to both 
sex and uptake of radioactive phosphorus, the data obtained on choline- 
deficient rats are plotted in Fig. 2. All specific activity coefficients have 
been corrected for error contributed by the extraction with ethylene glycol 
(ride supra). It is evident from these data that there are no consistent 
effects of mild choline deficiency on the uptake of radioactive phosphate by 
bone of either sex. 

In an earlier experiment, the results of which have been reported else- 
where (8), another group of rats in an extreme state of choline deficiency 
Was examined for differences of uptake of radioactive phosphorus. Both 
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the tibias and femurs of the choline-deficient animals showed only slightly 
but consistently lower isotope levels than those of the controls. At the 
same time the isotope levels of the circulating blood of the deficient animals 
were somewhat higher than the controls. We now consider that the ad- 


INORGANIC =PHOSPHATE 
oF 5.000 


i 


oF FEMUR 


ENDS 


Swarts 


Fic. 1. Graphs showing the relationships between the concentrations of labeled 
phosphate in blood, femur ends, and femur shafts and time after administration of the 
isotope. The activity of labeled phosphate is expressed as the specific activity coefh- 
cient which isequal tocounts per minute per gm. of phosphorus divided by counts per 
minute administered per gm. of body weight. The solid cireles and solid squares for 
femur ends and shafts are observed values; the open circles and open squares are eal- 
culated values corrected for exchange during glycol ashing. 


vanced kidney dysfunction and the moribund state of the experimental 
animals invalidated the results. 

State of Calcification of Choline-Deficient Rats—Since the radioactivity 
results are inconclusive, corollary data have been examined to evaluate the 
effect of choline deficiency on bone metabolism. The body weight changes 
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and the weights of the inorganic ash of the femur and tibia of rats made ; 
more severely deficient in the earlier experiment are presented in Table IT. " 


? 


COEFFICIENT 
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FEMUR SHAFTS 


[ 


SPECIFIC ACTIVITY 


| A i A A 


° 2 4 6 10 2 is 
HOURS AFTER ADMINISTRATION 


Fic. 2. Data showing the lack of an effect of mild choline deficiency on the uptake 
of labeled phosphate by femurs of male and female rats. co and 9 denote normal 
animals; the solid symbols, deficient animals. All data are ealeulated values cor- 
rected for exchange during glycol ashing. 


Taste Il 


Body Weights and Weights of Inorganic Ash of Femurs and Tibias of Normal and 
5 Day Choline-Deficient Rats 


Femur Tibia 


Control | 0.0282 | 0.634 | 0.0263 | 0.615 
| s.p.* 0.072 0.040 
Deficient 39.3 5.0 0.0284 0.738 | 0.0297 | 0.757 
2.5 | 0.046 0.053 


| | Initial Final |Ash weight) Ash weight Ash weight] Ash weight 


3 


Standard deviation of the mean. 


These data illustrate the comparative states of calcification in the normal 
and 5 day-deficient rat. 

The average weights of the femur and tibia of the deficient animals were 
‘s equal to or slightly greater than those of the controls. This indicates that 
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the femur and tibia have grown at a normal rate in spite of the general inani- 
tion of the deficient animals. Thus, we have obtained no direct evidence 
of an effect of acute choline deficiency on the calcification of bone in the rat. 


DISCUSSION 


These data on the uptake of P® by bone are qualitatively similar to those 
of Manly ef al. (1) and Cohn and Greenberg (9). The previous work indi- 
cated that a rapid equilibration occurs between the phosphate of blood and 
that of bone. However, the method of administration (oral) and the time 
periods chosen for study (the earliest being 2 hours) prevented these workers 
from recognizing the extreme rapidity with which this equilibration takes 
place. 

Manly ef al. (1), in picturing the normal events which take place in bone 
as interpreted from their data, were led to assume, “That calcified tissues 
are composed physiologically of two portions, one of which rapidly comes to 
equilibrium with certain blood minerals... The other portion reaches 
equilibrium slowly and, by comparison, exhibits negligible exchange with 
these blood minerals.” The rapidly equilibrating fraction was designated 
as ‘labile’ bone, the fraction with negligible exchange as “‘stable’’ bone. 
Also of some importance to the present discussion is their observation that 
“the relative amounts of labile to stable calcification differ widely in epiphy- 
ses, diaphyses, incisors, and molars."’ Further consideration leads us to 
question the validity of the assumptions of Manly ef al. relating to labile 
and stable bone, and to propose a modified picture more in keeping with the 
available data. 

While it is perfectly conceivable that phosphate located in the surface of 
the individual crystals of apatite in the bone can undergo exchange with 
phosphate in the surrounding fluid, it would seem thermodynamically im- 
possible that phosphate in the center of the erystals could exchange in a 
finite time without complete dissolution of the crystals themselves? From 
data in the literature (10) on the estimated dimensions of the individual 
apatite crystal it can be calculated that total phosphate of the order of one- 
fifth or 20 per cent is located in the surface. 

It is hardly possible that the rapid accumulation of tracer in the bone is 
due to normal growth processes. The amount of radioactive phosphorus 
which would appear in the femur ends as a result of accretion would account 


? Primitive Haversian systems are known to undergo degeneration normally at 
some places, and, following degeneration, to give second generation Haversian sys- 
tems. This process involves the dissolution of apatite crystals and reordering of the 
organic matrix. The magnitude and rate of this combined alteration are comparable 
toaceretive processes rather than ionic exchange and decrease throughout the life of 


the animal. 
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for only about 8 per cent® of the observed activity at 16 hours. Further- 
more, it has been shown (11) that the specitie activity of the phosphorus of 
a humerus whose growth has been hindered by unilateral section of the 
brachial nerve is identical with that of the normally growing, contralateral 
humerus in the same animal. This situation obtains in spite of an observ- 
able decrement in the rate of accretion of bone salt in the denervated limb 
as compared with that of the normal limb. 

Perhaps the sunplest explanation of the rapid, initial uptake of tracer 
following intraperitoneal administration is that an exchange-adsorption* 
oceurs between the inorganic phosphate of the plasma and the phosphate 
ions in the surface of the bone salt adjacent to the circulating fluid. Such 
an exchange-adsorption reaches a steady state very rapidly. 

Paneth and Vorwerk (12) obtained a nearly steady equilibrium in less 
than | minute when finely divided lead sulfate was shaken with a saturated 
solution of the same salt containing the lead isotope, thorium B. Since the 
experiments reported here were completed, in vitro studies in this labora- 
tory’ have indicated conclusively that there is a rapid exehange of radio- 
active phosphate of a buffer solution and the phosphate of ashed bone 
powder suspended in it. Calculations based on the data obtained indicate 
that 15 to 20 per cent of the phosphate in bone ash is capable of rapid 
exchange. 

The assumption that a rapid exchange adsorption exists between a small 
fraction of the bone surfaces and the inorganic phosphate of blood explains 
the rapid, initial uptake of the tracer. This assumption alone cannot 
account for a continued high specific activity of the bone while the specific 
activity of the blood inorganic phosphorus is diminishing rapidly. We 
should expect the specific activity-time curve of the fraction of bone which 
is in rapid equilibrium with blood to be like that represented by Curve II in 
big. 3. The curve should pass through a maximum at which point the 
blood-bone specific activities are identical. Thereafter, the curve for bone 
should follow the curve for blood, but above it (13). Correspondingly, if 
the rest of the bone contained no tagged phosphate, the specific activity- 
time curve for whole bone would be like that represented by Curve IV, Fig. 
3, in which each point is 5 per cent of the corresponding ordinate of Curve 
Il. The experimental data (Curve ITI) in general fall above the predicted 
values. 


* Data on the growth of femur in similar rats were available. The figure of 8 per 
cent is based on two assumptions; (a) all femur growth took place in the femur end, 
and (6) the phosphate newly acquired had the same average specific activity coefh- 
cient as did the inorganic phosphate of plasma during the time interval considered. 

* By the term “exchange adsorption,” a net change in the amounts of phosphate in 
the soluble and insoluble phases is neither implied nor excluded. 
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There are two possible explanations for the observed data represented by 
Curve III. Either (a) the initial exchange is irreversible, in which case the 
rate of accretion of bone salt would be far greater than is actually observed 
as due to growth (vide supra), or, more likely, (b) the bulk of the bone is 


SPECIFIC ACTIVITY COEFFICIENT 


= = i 


“0 200 400 600 #800 + 1000 
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Fic. 3. Curves showing the activities observed for blood and femur ends and the 
activities expected if only a small portion of bone were in rapid equilibrium with the 
circulating fluids. Curve Lis a plot of the observed activities of the inorganic phos- 
phate of blood. Curve I] is a plot of the theoretical values expected (13) for the por- 
tion of bone in rapid equilibrium with blood. Curve III] represents the observed ac- 
tivities for the phosphate of femur ends. Curve IV is the expected curve if 5 percent 
of the phosphate in the femur ends were in rapid equilibrium with blood. 


capable of equilibrating slowly with the surface phosphate of high activity, 
resulting in slow diffusion of active phosphate into the less accessible regions 
of the bone. Thus, the surfaces of the crystals of bone salt adjacent to the 
circulating fluid are in very rapid equilibrium with the circulating inorganie 
phosphate, and the equilibrium becomes progressively slower (with respect 
to circulating inorganic phosphate) with increasing distance from the circu- 
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lation. We would suggest that the difference between exchangeable and 
non-exchangeable phosphate is not the result of differences in physiological 
function but rather in location. Only phosphate located in the surfaces of 
the apatite crystals can exchange. Further, it is not necessary to conclude 
that the exchangeable fraction varies in magnitude in different bones. 
This concept leads to the conclusion that all calcified structures contain the 
same amount of exchangeable phosphate per unit weight of bone salt (pro- 
vided the apatite crystals are similar in size). Differences in uptake of 
radioactive phosphorus bet ween different bones can be attributed to differ- 
ences in rale of exchange. The rate of exchange will be dependent upon 
the relative number and size of the blood vessels, marrow spaces, Haversian 
systems, etc., present in the structure under consideration. It follows that 
any condition which affects the general circulation (hemoconcentration, 
altered blood volume, capillary damage, etc.) will affect the uptake of radio- 
active phosphate by bone and that an altered uptake by bone does not 
necessarily indicate a direct effect on bone metabolism under such cir- 
cumstances. 

It is evident that whatever the physicochemical process involved, the 
simple exchange of radioactive phosphate between bone salt and blood is of 
such a large magnitude that radioactive phosphorus is an unreliable indi- 
cator of bone growth in experiments of short duration. 

The magnitude of the exchange of radioactive phosphate and the rapidity 
with which exchange takes place serve to emphasize the dynamic behavior 
of the calcified tissues. Bone cannot be considered to be a stable system 
in which the inorganic phase is inert. Rather, the apparent stability of the 
skeletal system can be attributed only to an extremely efficient control of 
the inorganic composition of the circulating fluids. Indeed, there are 
numerous references in the clinical literature to severe disturbances of fluid 
balance, acid-base balance, ete., which may result in very rapid mobiliza- 
tion of calcium and phosphorus from the bone. 

Since the level of isotopic phosphate in blood is largely determined by the 
rate of exchange between bone and the circulating fluids, it follows that the 
rate of appearance of labeled phosphate in all metabolic compounds con- 
taining phosphate such as phospholipides, nucleoprotein, and phosphate 
intermediates in carbohydrate metabolism, ete., will be influenced by the 


exchange process. 


SUMMARY 


There is an initial, rapid entrance of labeled phosphate into the bones 
following administration of a trace amount of the isotope. Most of this 
isotopic phosphate is temporarily “‘fixed”’ in the bones by an ionic exchange 
between the fluids and the apatite crystals. The mechanism of this ex- 


‘ 
; 


554 RADIOACTIVE P UPTAKE IN BONE 


change is discussed. The magnitude of the exchange seriously detracts 
from the usefulness of labeled phosphate as a tracer in studies of bone 
deposition. 

Severe choline deficiency in the albino rat did not alter the uptake of 
isotopic phosphate by the femur to any marked degree. \ mild deticieney 
showed no effect. 

A comparison of the average ash weights of the femurs and of the tibias 
from choline-deficient rats with corresponding tissues trom their control 
animals shows that these bones have grown normally in spite of the general 
inanition. 


The authors are pleased to acknowledge the able assistance of Miss R. 
Phyllis Fox and are grateful for profitable discussions with Dr. H.C. Hodge 
and Miss Fox. We are indebted to Miss Betty Mulrvan for technical as- 
sistance and to W. Schultz and the R. J. Strasenburgh Company, Rochester, 
New York, for the preparation of guanidoacetic acid. 
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EFFECT OF VITAMIN Be DEFICIENCY ON THE ABILITY OF 
RATS AND MICE TO CONVERT TRYPTOPHANE 
TO N-METHYLNICOTINAMIDE AND 
NICOTINIC ACID* 


By B. SCHWEIGERT anv P. B. PEARSON 


(From the Nutrition Laboratory, Agricultural Experiment Station and School 
of Agriculture, Agricultural and Mechanical College of Texas, 
College Station) 


(Received for publication, February 3, 1947) 


Recent studies show that the albino rat, pig, horse, and cotton-rat can 
convert dietary tryptophane to nicotinic acid or its methylated derivative, 
N'-methylnicotinamide (1-4). The ingestion of high antounts of trypto- 
phane, either as the free amino acid or as casein, accentuates a deficiency of 
vitamin B, in the rat and more strikingly so in the mouse (5, 6). The 
amount of xanthurenic acid excreted by the vitamin Bg-deficient animal is 
markedly increased when high levels of tryptophane are fed (5, 6). Con- 
currently, there is a much more rapid depletion of hepatic vitamin By, 
(7). These findings suggested that a vitamin B, deficiency may affect the 
metabolic conversion of tryptophane to nicotinic acid and N*'-methyl- 
nicotinamide. Experiments were carried out to study this effect with the 
rat and with the mouse. 


EXPERIMENTAL 


Experiments with Rats--Weanling male and female albino rats, 35 to 50 
gm. in weight, were used in this study. Group I received the control diet 
consisting of sucrose 67 per cent, purified casein 24 per cent, Salts IV 
(8) 4 per cent, and corn oil 5 per cent. The following amounts of vitamins 
were added per 100 gm. of diet; pyridoxine 250 y, thiamine 250 +, ribo- 
flavin 300 y, calcium pantothenate 2 mg., inositol 100 mg., choline 100 
mg., and p-aminobenzoic acid 30 mg. Vitamins A and D were given orally. 
Pyridoxine was omitted from the ration for Goup II. In the first experi- 
ments five animals were used in each group. Food and water were sup- 
plied ad libitum. 

After the rats had been fed these diets for 3 weeks, they were placed in 
metabolism cages fitted with outside feeders and urine collections were 
made. Toluene and 2.5 ml. of 2 ~ hydrochloric acid were added to the 


* Acknowledgments are made to Patricia Sparks and Frances Panzer for technical 
assistance, to Dr. L. KR. Richardson and Dr. R. O. Berry for supplying some of the 
animals, to The Dow Chemical Company for the tryptophane, and to Merek and Com- 
pany, Ine.. for the crystalline vitamins. 
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receiving flasks as preservatives. Urine collections were made for two 
periods of 3 days each. The amount of food consumed was measured dyy. 
ing the collection periods. 100 mg. of dl-tryptophane were then fed per 
rat per day for a period of 3 days. The tryptophane was mixed thoroughly 
with a weighed amount of the diet. The food intake for each group was 
restricted slightly in order to assure complete consumption of the trypto. 
phane. Nicotinic acid was determined in the urine with Lactobacilly 
arabinosus as the test organism (9) and N'-methylnicotinamide was de. 
termined fluorometrically (10) without hydrolysis of the samples. Thee 


determinations were made on the pooled collections for the 3 day periods } 


Fic. 1. Effect of feeding tryptophane on the urinary excretion of nicotinic acid and 
N'-methylnicotinamide by pyridoxine-supplemented and deficient rats. Shaded areas 
represent the amounts excreted when the basal diets were fed and the unshaded areas 
represent the amounts excreted when 100 mg. of d/-tryptophane were fed in addition te 
the basal diets. 


This sequence of experimentation was repeated twice with the same 
groups of animals in order to study the effect of the progressive vitamin 
Bg deficiency on the excretion of nicotinic acid and N‘-methy!nicotinamide. 
The results obtained with alternate periods of feeding the basal diets and 
the same diets plus added tryptophane on the excretion of these two com- 
pounds are presented in Fig. 1. 

These data show that a vitamin B,-deficient rat is unable to convert 
appreciable amounts of the added tryptophane to N'-methylnicotinamide or 
nicotinic acid. Approximately 5 times as much N'-methylnicotinamide 
was excreted per day in each of the three tests when tryptophane was fed 
to pyridoxine-supplemented animals as was excreted by the deficient ani- 
mals (2190, 1190, and 1220 y per rat per day in contrast to 435, 278, and 
187 y per rat perday). The group receiving pyridoxine and added trypte 
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excreted 254, 192, and 210 ¥ of nicotinic acid per rat per day, as com- 

to 30, 21, and 17 y excreted by the deficient group also receiving 
added tryptophane. The amounts of N'-methylnicotinamide and _nico- 
tinie acid excreted when no tryptophane was added were slightly lower for 
the deficient group. It is significant to note that in the 3 day periods 
following the periods of tryptophane feeding the amounts of N'-methyl- 
nicotinamide and nicotinic acid excreted are very similar to those before 
the ingestion of tryptophane. This has also been observed for the cotton- 
rat and horse (3). 

The amount of the dietary tryptophane converted to nicotinic acid and 
N'-methylnicotinamide on a weight basis was calculated. When the basal 
diets were fed, an average of 0.54 per cent of the tryptophane was converted 
to N'-methylnicotinamide by the pyridoxine-supplemented group and 0.64 
per cent by the deficient group. When tryptophane was fed to the pyri- 
doxine-supplemented group, an average of 2.1 per cent conversion to N'- 
methylnicotinamide occurred for the three test periods; however, only 0.50 
per cent was converted to N'-methylnicotinamide by the vitamin Be- 
deficient animals. An average of 0.3 per cent of the tryptophane was 
exereted as nicotinic acid when tryptophane was fed to the pyridoxine- 
supplemented animals and only 0.03 per cent by the deficient animals, 
as contrasted to 0.14 and 0.11 per cent, respectively, when no tryptophane 
wasadded. Thus, not only the actual amounts of N'-methylnicotinamide 
and nicotinic acid excreted by the animals receiving pyridoxine were in- 
creased when tryptophane was fed, but the percentage of the ingested 
tryptophane that was excreted was also increased. In these calculations 
casein Was assumed to contain 1.3 per cent tryptophane (11) and the d iso- 
mer was disregarded in the calculations (see Rosen et al. (1)). 

To confirm these observations, a second series of experiments was carried 
out. The same diets and experimental procedures were used. Four rats 
were used per group and urine collections were made after 4 weeks from the 
start of the experiment. The effect of injecting an equivalent amount of 
Ltryptophane on the excretion of N'-methylnicotinamide, nicotinie acid, 
and of tryptophane was also tested. The amount of apparent free trypto- 
phane excreted was determined microbiologically (12, 13). In these tests 
2.5 ml. of a 2 per cent NaHCO, solution were injected intraperitoneally 
twice daily during the basal collection period. For the following 2 days, 
2.5 ml. of a 2 per cent NaHCO, solution which contained 10 mg. of l-trypto- 
phane per ml. were injected twice daily. The results for the amounts of 
N'methylnicotinamide and nicotinic acid excreted per day and also per 
em. of food consumed are shown in Table I. 

The results obtained agree very well with those obtained in the first 
experiments on the effects of feeding tryptophane to the vitamin Bg-sup- 
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plemented and the deficient groups. The differences between the two 
groups are clearly not a reflection of the caloric intake, since on the basisof 
the excretion per gm. of food a 5- to 10-fold increase was obtained in favor 
of the pyridoxine-supplemented group when tryptophane was fed. Mueb 
smaller amounts of both N'-methylnicotinamide and nicotinic acid wer 
excreted when tryptophane was injected, as contrasted to when it was fed 


| 


Influence of Vitamin Bg Deficuency and Administration of Tryptophane on Urinary 
Excretion of N*-. Me thylnicotinamide and Nicotinic Acid by the Rat 


Ni. Methylnicotinamide Nicotinic acid 
Group No. | Dietary regimen period | per gm. — 7 pet 
| per day consumed per day | consumed 
days | 
I (+ vitamin | Basal 5 ns v3 23.4 24 
By) + trypto- | 370 47.7 
phane | 
Basal 3 Is! 19.8 43 4.7 
trypto- 3 | | 106 ISO 23.5 
phane | 
Basal 2 160) | 44 
“ <+trypto- 2 338 38.6 | 95 10.8 
phane* 
II (no vitamin |) Basal 5 is 9.9 99 2.1 
Bs) trypto- 3 106 7.2 
phane 
Basal 3 oY 1.8 | 12.7 2.5 
“ + trypto- | 3 34.7 4.3 
phane 
Basal 2 SS 16.6 12.5 24 
+ trypto- 2 32.2 15.0 3.2 
phane* 


° In these tests, 0) mg. of /-tryptophane were given per day by intraperitoneal 
injection. In all other eases 100 mg. of dl-tryptophane were fed daily. 


Less than 1 per cent of the injected tryptophane was excreted in the 
urine. No appreciable difference was noted between the pvridoxine-sup- 
plemented and deficient groups. Thus it appears that tryptophane 
rapidly metabolized to microbiologically inactive compounds when injected 
or fed orally as casein (13) both by normal and pvridoxine-deficient rats. 

The vitamin Be-supplemented animals grew at « rate of 20 gm. per week, 
while the deficient animals grew at a rate of 10 gm. per week for the first 
4 weeks. After this period, the latter group reached a plateau in weight. 


Experiments with Mice— Experiments similar to those conducted with | 


rats were also conducted with albino mice. In the first experiment an 
mals which weighed 16 to 20 gm. were used. In the second experiment, 
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weanling mice (7.2 to 9.5 gm.) were used, Four to six mice were in each 
group and were fed the same diets as described for the rats. Urine collee- 
tions were made after 2 weeks on experiment and the same procedures for 
feeding and urine collections were used, except that each mouse received 
30 mg. of dl-tryptophane per day. Since the mice scattered considerable 
food, no attempt has been made to calculate the amounts of N'-methyl- 
nicotinamide and nicotinic acid exereted per gm. of food consumed. 
Contamination of the urine with the ration does not negate the validity of 
the nicotinic acid determinations, since none of this vitamin was added to 
the diet. The results for the two experiments were very similar; therefore 
the data have been averaged together and are presented in Table II. 


Taste Il 
Influence of Vitamin Bg Dt ficcency and Ingestion of Tryptophane on Urinary Excretion 
of N*-Methylnicotinamide and Nicotinic Acid by the Mouse 
Expressed as micrograms excreted per mouse per day. 


N!-Methylnicotinamide | Nicotinic acid 


Plus vitamin Be No vitamin Be Plus vitamin Bs No vitamin Be 

Basal 5 144 BA: 
“ + tryptophane® | 4 63.6 | 36.0 31.0 | 12.5 
“ | 3 Is. 7 | 13.7 5.2 
tryptophane* 63.0 | 33.7 45.2 5.0 
“ 2 25.1 | 10.6 12.5 41.0 
“ + tryptophane* 3 M2 28.3 7.2 4.1 


* *) mg. of dl-tryptophane were fed per mouse per day. 

A 3.5-fold increase in the amounts of N'-methylnicotinamide and nico- 
tinie acid exereted was observed when tryptophane was fed to the mice 
receiving pyridoxine. The vitamin Be-deficient animals exereted 2 to 3 
times as much N'-methylnicotinamide, but no increase due to the ingestion 
of tryptophane was observed in the nicotinie acid values after 4 weeks on 
exper:ment. From these data it is apparent that the mouse responded 
qualitatively like the rat. 

That a pronounced vitamin By deficiency was produced was evident from 
the slow growth during the first 4 weeks (0.4 gm. per week) and a decrease 
in weight thereafter. The vitamin By-supplemented group grew at a 
normal rate. Qualitatively, «a marked increase in the exeretion of xan- 
thurenic acid was observed, particularly when tryptophane was fed, which 
is in accord with the work of Miller and Baumann (5, 6). 


DISCUSSION 
The present study shows that when tryptophane is fed, vitamin Be- 
deficient rats and mice have a greatly reduced ability to convert this amino 
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acid to nicotinic acid and N'-methylnicotinamide. The réle of vitamin BR 
in this metabolic reaction offers additional evidence for its importance jp 
amino acid metabolism. The mechanism by which tryptophane can b 
converted to nicotinic acid (which is then presumably methylated to som 
extent by the rat and mouse to form N'-methylnicotinamide) remains ty 
be elucidated. This transformation apparently can be accomplished by 
the rat, mouse, pig, cotton-rat, and horse. The relative inability of the 
vitamin Be-deficient animal to convert tryptophane to nicotinic acid apd 
its methylated derivative would suggest that xanthurenic acid cannot 
serve as a precursor of nicotinic acid. 

It is not surprising that much smaller amounts of nicotinic acid ané 
N'-methylnicotinamide were formed when tryptophane was injected, » 
compared to when the amino acid was fed. Tryptophane is rapidly re 
moved from the blood of both normal and vitamin Be-deficient rats afte 
injection and returns to a normal level within 1 to 2 hours after injection 
(13). Since only two injections were made in each 24 hour period, a rel. 
tively continuous supply of tryptophane during the period was not achieved. 
as compared to the situation produced when the compound was fed. The 
increased excretion of nicotinic acid and N’-methylnicotinamide after injec- 
tion indicates that nicotinic acid is formed from tryptophane largely by 
synthesis in the tissues rather than by microbial synthesis in the intestinal 
tract. The rapid increase observed in the amounts of nicotinic acid e 
creted during tryptophane feeding and the rapid return to a normal level 
following the feeding of tryptophane support this view. This observation 
has also been reported in a recent paper by Singal ef al. (4). Briggs and 
associates (14) offer evidence that nicotinic acid may be synthesized in th 
tissues of chicks fed tryptophane, while Krehl et al. (15) suggest that the 
counteraction of the growth depression due to ingestion of high levels 
corn when rats are fed tryptophane may be due to stimulation of nicotinic 
acid synthesis by tryptophane. Thus the interrelationships of vitamin b, 
nicotinic acid, and tryptophane in the nutrition of rat and mouse demon- 
strate the complex nature of these metabolic reactions and offer new 
approaches to further studies on amino acid metabolism. These data 
suggest that the beneficial effect of pyridoxine therapy for pellagrins may 
be due in part to its influence on the conversion of ingested tryptophane 
to nicotinic acid. 


SUMMARY 


1. The effect of vitamin Bg deficiency on the conversion of tryptophane 
to nicotinic acid and N'-methylnicotinamide has been determined with the 


rat and mouse. 
2. When 100 mg. of dl-tryptophane were fed in addition to the bass 
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ration, rats fed pyridoxine excreted 810 to 2190 y of N’-methylnicotinamide, 
while deficient animals exereted 180 to 435 y per day. When the basal 
diets were fed the two groups exereted 95 to 185 and 45 to 140 y per day 
of N'-methylnicotinamide, respectively. 

3. The excretion of nicotinic acid when tryptophane was fed ganged from 
95 to 430 y per rat per day for the vitamin Bs-supplemented group and only 
16 to 35 y for the vitamin Be-deficient group. When the basal diets were 
fed, 23 to 50 y and 10 to 24 y of nicotinic acid were excreted by the two 
groups respectively. 

4. When tryptophane was injected, a 100 per cent increase in the excre- 
tion of N'-methylnicotinamide and nicotinic acid was observed for the 


animals fed pyridoxine. 
5. Similar effects were obtained when tryptophane was fed to pyridoxine- 
supplemented and deficient mice. 
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THE COMPARATIVE UTILIZATION OF PTEROYLGLUTAMIC 
ACID AND PTEROYLTRIGLUTAMIC ACID BY CHICKS ON 
A PURIFIED DIET 


By THOMAS H. JUKES anv EF. L. R. STOKSTAD 


(From the Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York) 


(Received for publication, February 5, 1947) 


The isolation, identification, and synthesis of pteroviglutamic acid from 
liver have been described; simultaneously the isolation was reported of 
a compound, “fermentation Lactobacillus casei factor,” which upon mild 
anaerobic alkaline hydrolysis vielded pteroylglutamic acid and 2 equivalents 
of glutamic acid (1). This compound has been termed pterovitriglutamic 
ecid (2). 

Studies with chicks on a purified diet deficient in pteroylglutamie acid 
(3) indicated that pteroyltriglutamie acid, when fed at a level of 0.5 part 
per million of diet, was not markedly effective in promoting growth or 
preventing anemia. The addition of the lactone of either 2-methyl-3- 
hydroxy-4-hydroxymethyl-5-carboxypyridine (5-pyridoxie acid lactone) 
or (4-pyridoxie 
acid lactone) together with pteroyltriglutamic acid produced a marked 
gain in weight over the controls and was completely effective in the preven- 
tion of anemia as measured by the hemoglobin level at 3 weeks. In another 
communication (4) it was reported that pteroviglutamic acid was fully 
effective for the prevention of anemia without the addition of the lactone. 
It was suggested (4) that the lactone of 4-pvridoxie acid functioned in an 
enzyme system required for the breakdown of “folie acid conjugates” and 
for the setting free of “folie acid” (pteroylglutamie acid). 

However, other experiments have indicated that the chick is able to 
utilize pure pteroylheptaglutamic acid (‘vitamin B, conjugate’’) as effi- 
ciently as pteroviglutamice acid (“vitamin B,”’) (5) and that pteroyltri- 
glutamic acid is utilized just as well as pteroviglutamie acid (6) for hemo- 
globin formation in chicks on purified diets without the addition of pyridoxie 
acid lactone. ‘These experiments were made with basal diets differing 
from that employed by the Cornell group (3). The present investigation 
was undertaken in an attempt to repeat more closely the experimental 
conditions employed elsewhere (3). 


EXPERIMENTAL 
The basal diet was identical in composition with that described elsewhere 
(3) and consisted of starch, washed casein, gelatin, salt mixture, soy bean 
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oil, cellophane, and fortified fish liver oil supplemented with pure vitamins 
and with succinylsulfathiazole, |! per cent. The only known difference wag 
that the soy bean oil used in the present investigation did not contain phos. 
phoric acid as an antioxidant. 

Day-old New Hampshire chicks were placed in electrically heated battery 
brooders and were fed the experimental diets immediately. Ten chicks 
were used in each group. The diets were mixed in small quantities at 
frequent intervals and were kept in a refrigerator. Acid-water-washed 
casein was supplied by Dr. M. L. Scott. 

The following supplements, per kilo of basal diet, were used in the first 
experiment: Group 1, none; Group 2, 0.5 mg. of pteroyltriglutamice acid; 
Group 3, 1.0 mg. of pteroyltriglutamic acid; Group 4, 0.5 mg. of pteroyl. 
trig'utamic acid + 1.0 mg. of 4-pyridoxic acid lactone; Group 5, 1.0 mg. of 
pteroyltriglutamic acid + 1.0 mg. of 4-pyridoxic acid lactone; Group 6, 0.67 
mg. of pteroyiglutamic acid. 

The purity of the pteroyltriglutamic acid was estimated by measurement 
of its absorption of ultraviolet light in aqueous solution at 365 my. The 
preparation was approximately 95 per cent pure. It was obtained from 
a fermentation product (1). The pteroylglutamic acid preparation was ® 
per cent pure, and 0.75 mg. was used to correspond to 0.67 mg. of the pure 
substance. This level was equivalent on a molar basis to 1.06 mg. of pter- 
oyltriglutamic acid. Pteroyltriglutamic acid and pteroylglutamic acid 
were dissolved in water at a concentration of 0.1 mg. per ml., and the 
lactone at a concentration of 1.0 mg. per ml. The solutions were incorpo 
rated in the diets. Hemoglobin determinations, erythrocyte counts, 
and hematocrit measurements were made with blood from a wing vein. 
The results of ‘the experiment are summarized in Table I. 

Three cases of perosis were noted in seven surviving birds in Group 1 at 
20 days. One case of perosis was simultaneously noted in each of Groups? 
and 4. Pteroyltriglutamic acid appeared to be fully effective in preventing 
anemia, even when fed at a level of 0.5 mg. per kilo of diet, which cor- 
responded to only 0.32 mg. of pteroylglutamic acid. 

The possibility remained that at a lower level wulterre weer acid, 
even if fully utilized, might be only partially effective in preventing anemia 
and that a condition more sensitive for measuring the supplementary effect 
of the 4-pyridoxic acid lactone might thus be established. Accordingly 4 
second experiment was carried out 3 months later. The following sup 
plements, per kilo of diet, were used: Group 7, none; Group 8, 0.3 mg. d 
pteroyltriglutamic acid; Group 9, 0.3 mg. of pteroyltriglutamic acid + 10 
mg. of 4-pyridoxic acid lactone; Group 10, 0.2 mg. of pteroylglutamiec acid; 
Group 11, 0.65 mg. of pteroylglutamic acid. 

The results are summarized in Table II. The level of pteroylglutamie 
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acid fed to Group 10 was stoichiometrically approximately equivalent to 
the level of pteroyltriglutamie acid fed to Groups 8 and 9. Group Il asa 
“positive control” group received a level of pteroviglutamic acid in excess 
of the requirement for growth and hemoglobin formation; this level is in 


Tasie | 


Response of Chicks to Pteroyltriglutamie Acid, with and without 4-Pyridozic Acid 
Lactone, and to Pteroylglutamic Acid 


Mean cor 
Average weight at Hemoglobin at ‘Er 
Group No. | | | | x 109 
days days | 2idays days | 28 days 28 days 
om. | om. om | cm per cu. microns 
74¢ | 5.0 1.3 (0.50 
8.5 | 2.50 | 1.02 
3 44 252 344 | 8.7 8.5 2.65 0.97 
331 8.9 8.5 2.43 1.05 
338 8.8 8.5 2.59 1.00 
6 | 42 | 244 335 8.6 8.6 2.73 0.92 
* Five survivors. 
t One survivor. 
t Not determined. 
Taste Il 


Results of Second Experiment in which Insufficient Levels of Pleroyltriglutamic 
Acid and Pteroylqlutamic Acid Were Fed in Groups 8, 9, and 10 


Mean cor. 
| Average weight at Hemoglobin at te! "ume 
| 21 days 28 days | 21 days 28 days 28 days 
om om | om. per cont oom. per cont cu. microns 
7 45 12 122 5.7 | 5.0 1.12 1.23 
44 158 211 8.2 9.0 2.62 0.91 
44 135 191 8.2 8.2 2.16 0.97 
10 M4 100 7.1 8.1 | 2.14 | 1.00 
45 174 | 48 8.9 | 95 2.87 0.93 
| 


the neighborhood of 0.4 to0.5 mg. The growth of the chicks in the see- 
ond experiment was markedly slower than in the first experiment. It may 
be speculated that this was due to a diminished carry over of some un- 
identified factor from the maternal diet in the second experiment. Again, 
the utilization of pteroyltriglutamic acid appeared to be complete as com- 
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pared with the corresponding level of pteroylglutamic acid, and the add. 
tion of 4-pyridoxic acid lactone appeared to have no effect. Three cases of 
perosis at 28 days were observed in Group 7, three in Group 8, one in Croup 
9, two in Group 10, and none in Group 11. 


DISCUSSION 


In a single experiment involving « comparison bet ween two groups of six 
chicks each, it was noted that 4-pyridoxie acid had a supplementary effet 
on growth and hemoglobin formation when added to a purified diet cop. 
taining pteroyltriglutamic acid. No supplementary effect on veast cop. 
centrate was obtained by adding 4-pyridoxic acid (7). 

In another investigation (8) it was noted that 4-pvridoxic acid lactone 
had no supplemental effect on the action of a suboptimal amount of “yi. 
tamin B,” (pteroylglutamic acid) in promoting growth, feathering, and 
hemopoiesis in the chick. This result is in agreement with the report 
published elsewhere (4) and has no bearing on the claim that the lactone 
is concerned with the breakdown of pteroyiglutamic acid conjugates. 

The present series of experiments fails to confirm the results published 
elsewhere (3), although an attempt was made to duplicate the diet, It 
may be noted, however, that New Hampshire chicks were used in the 
present investigation, while white Leghorn chicks were used by the Cornel) 
group. Another possibility is that pyridoxie acid lactone was present ip 
some constituent of the diet or was carried over from the eggs into the 
newly hatched chicks. 

SUMMARY 
1. Chicks were found to utilize pteroyltriglutamiec acid and _pteroyl- 


glutamic acid equally well on a molar basis for growth and the prevention 


of anemia. 
2. The addition of 4-pyridoxic acid lactone had no measurable effect on 


the utilization of pterovitriglutamic acid under the conditions of the ev- 
periments. 


Our thanks are due to Mr. Sidney Upham for synthesizing 2-methyl-J- 


hydroxy-4-carboxy-5-hydroxymethylpyridine. Hematological observations | 


were made by Miss Margaret Belt. Dr. M. L. Scott kindly supplied the 
purified casein. 
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THE OXIDATION OF PHOSPHORYLATED AND NON-PHOs- 
PHORYLATED SUGARS BY MAMMALIAN LIVER* 


By W. W. WAINIO 


(From the Department of Physiology, New York University College of Dentistry, 
New York) 


(Received for publication, January 9, 1947) 


In 1928 Miller (1) reported the presence of a new enzyme, a glucose oxi- 
dase, in press-juice of Aspergillus niger. He subsequently suggested that 
it might be a dehydrogenase (2); he later showed that it catalyzed the oxi- 
dation of glucose to gluconic acid (3). Harrison in 1931 obtained glucose 
dehydrogenase from acetone-dried mammalian liver by saturating a water 
extract with ammonium sulfate (4). The product of the oxidation was 
shown to be gluconic acid (5) and the cytochrome system a hydrogen car- 
rier (6). Miller then resumed his work with glucose dehydrogenase and 
demonstrated the decolorization of methylene blue in the presence of a 
catalytic enzyme preparation from ox liver when galactose and xylose were 
present as substrates (7). Breusch (8) has more recently reported the 
existence of a D-arabinose dehydrogenase, a glyceraldehyde dehydrogenase, 
and a glycoaldehyde dehydrogenase in cat liver, and the probable existence 
of a b-erythrose dehydrogenase in the same tissue. 

Several dehydrogenases attacking phosphorylated derivatives of hexoses 
have been reported. Warburg and Christian (9) found an enzyme in ery- 
throcytes that oxidizes glucose-6-phosphate when methylene blue is the 
carrier. The name Zwischenferment was given by them (10) to the same or 
a similar hexose monophosphate dehydrogenase obtained from yeast which 
oxidizes glucose-6-phosphate to phosphogluconic acid. Harrison (11) has 
indicated the presence of a hexose diphosphate dehydrogenase in muscle 
and liver which operates in the presence of methylene blue. 

The experiments reported herein verify the existence of enzymes in lamb 
liver that are capable of oxidizing p-glucose, p-arabinose, p-xylose, p-lyxose, 
D-glucose-6-phosphate, fructose-6-phosphate, and fructose-1,6-phosphate 
when methylene blue and diphospho- and triphosphopyridine nucleotide 
are added to a partially purified preparation. 


EXPERIMENTAL 


Preparations 
Lyophilization of Tissues—The liver was obtained from the killing floor of 
a slaughter-house, and was usually placed in the freezing compartment of a 
refrigerator for temporary storage within | hour after removal from the 


* Aided by a grant from the John and Mary R. Markle Foundation. With the 
assistance of Gertrude Quinn and Lowell Lowell. 
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animal. In the next half hour the tissue was ground, frozen, and connected 
to the lyophilizer. Lyophilization of 100 gm. of fresh tissue was complete 
in from 6to8 hours. The dry liver was then stored in a vacuum desiccator 
over P20; at 5°. Lyophilization was preferred to the acetone drying recom. 
mended by Harrison (4) because the latter method offers even greater 
possibility for the denaturation of unidentified enzymes. 

Harrison's Glucose Dehydrogenase and Coenzyme “Vhese were prepared 
according to Harrison (12) with this exception: lyophilized liver was used 
instead of acetone-dried liver. 

Partially Purified Lamb Liver Dehydrogenases. P’reparatwon the 
Ist day 60 to 80 gm. of thoroughly dried lyophilized lamb liver were ground 
in a mortar toa very fine powder, mixed in the same container with 4 vol- 
umes of ice-cold distilled water, and extracted in an ice bath for 30 minutes 
with occasional stirring. The mixture was centrifuged for 15 minutes at 
3800 r.p.M. in 50 ml. celluloid tubes. The supernatant was poured off 
through cheese-cloth and the residue reextracted twice more with 2 volumes 
of cold distilled water, with stirring, for 15 minutes. The combined super. 
natants were dialyzed overnight against distilled water at 5°. 

On the 2nd day the protein solution was centrifuged for 15 minutes at 
3800 r.p.M. The pH was usually found to be between 6.0 and 6.5 and was 
taken to 5.7 with N HCl. Following centrifugation at 3800 R.p.M., the pH 
was adjusted to 7.0 with N NaOH. 21 gm. of (NH4)eS8O, per 100 ml. were 
added (30 per cent saturated), and the precipitate centrifuged off at 3800 
r.p.M. and discarded. 14 gm. of (NH4)2S8O4.per 100 ml. (original volume) 
were added to the supernatant (50 per cent saturated) and the precipitate 
centrifuged down (supernatant discarded) and dissolved in 50 ml. of cold 
distilled water. The proteins were again separated by adding 17.5 gm. of 
(NH,)28O, (50 per cent saturated) and by centrifuging for 15 minutes at 
3800 r.p.m. The precipitate was dissolved in 50 ml. of cold distilled water 
and dialyzed overnight against 10 per cent methanol at 5°. 

On the 3rd day the solution was centrifuged for 15 minutes at 3800 R.v.w. 
and the supernatant mixed with 25 ml. of an Al(OH); gel (for the prepara- 
tion, see below). Following centrifugation the supernatant was treated 
with successive portions of Al(OH); gel until nearly colorless or until 0 
ml. of the gel had been used. The proteins were eluted with successive 20 
ml. portions of 0.1 N NH,OH which contained 17.5 gm. of (NH,)eSO, per 
100 ml. (25 per cent saturated) until the gel was nearly colorless or until 8 
ml. had been used. The combined eluates were dialyzed overnight against 
water at 5°. 

On the 4th day the solution was lyophilized in 5 to 8 hours and the result- 
ing dry protein stored in a vacuum desiccator over P2Os at 5°. The yield 
ranged between 1.5 and 2.0 gm. 

Preparation B—The procedure was as for Preparation A, with this excep- 
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tion: the protein was dialyzed against distilled water instead of against 
10 per cent methanol at the end of the 2nd day. 

Preparation C— The procedure was as in the case of Preparation A with 
these exceptions: (1) special precautions were taken to keep the preparation 
cold at all stages except during the centrifugations when refrigeration was 
not available; (2) the 60 to 80 gm. of lyophilized lamb liver were homogen- 
ized in a Waring blendor for | minute with 4 volumes of cold distilled water 
instead of being ground in a mortar; (3) the protein was dialyzed against 
distilled water at the end of the 2nd day instead of against 10 per cent 
methanol. 

AU gel was prepared according to the method of Willstatter and 
Kraut (13), 24 mg. of AI(OHL), per ml. 

TPN and DPN' were prepared according to the method of Warburg and 
Christian (14). 

Herose monophosphate was prepared according to the method of DuBois 
and Potter (15). 

Fructose-l-phosphate Yo 10 gm. of the commercial fructose-1 ,6-diphos- 
phate? used in these experiments were added 100 ml. of 0.1 N H,SO,4, and 
the solution was heated in a water bath for 15 minutes at 100°. The 
reaction mixture Was then cooled, put into centrifuge tubes, and precipitated 
with 2 volumes of 95 per cent ethanol. The precipitate was centrifuged 
down (supernatant discarded), dissolved in 100 ml. of distilled water, and 
the solution filtered. The salt was precipitated by the addition of 2 vol- 
umes of 95 percent ethanol,and then once more dissolved and reprecipitated. 
The preparation was finally washed successively with 66 per cent ethanol, 
95 per cent ethanol, acetone, and ether. The yield was approximately 6.5 
gm. of the Ca salt. 

Glucose-l-phosphate was prepared according to the method of Levene and 
Raymond (16) with a modification of the first step; that is, the preparation 
of the diacetone glucose. 2 liters of acetone (U.S. P.) were mixed with 20 
ml. of H,SO, (density, 1.84, reagent grade) and to the mixture were added 
250 gm. of anhydrous CuSO, and 250 gm. of anhydrous p-glucose (c.P.). 
The suspension was stirred continuously for 48 hours at 5°. This is a de- 
parture from the usual method, which calls for stirring at room temperature 
for 24 hours. The suspension was filtered through Whatman No. 5 paper 
with suction and the clear filtrate neutralized with approximately 250 gm. 
of Ca(OH),. The resulting suspension was filtered with suction, but with- 
out the previous addition of charcoal. There was no evidence of carboni- 
zation or of caramelization. The clear filtrate was concentrated to a yellow- 
ish solid under reduced pressure and at an elevated bath temperature 


DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide. 
* Schwarz Laboratories, Inc. 
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(approximately 50-55°, with an H,O pump for reducing the pressure). } 
was unnecessary next to extract repeatedly with heptane and to decolorige 
with charcoal, since the resulting solid was completely soluble in boiling 
heptane and since, as stated before, it had not carbonized or caramelized 
The yield was approximately 130 gm., or 30 gm. less than the yield in the 
original method. 


Taste I 
Oxygen Consumption of Rabbit Liver Slices As Influenced by Addition of Variow 
Substrates 
Oxygen consumption 
Experiment No, Substrate 
60 min. | 12) min. 
l None | 144 | 252 
p-Glucose 14s | 255 
p-Galactose (hastman) | 157 | 265 
p-Arabinose | 152 | 262 
p-Lyxose | 152 | 257 
_p-Xylose (Eimer and Amend) | 146 248 
2 None | 123 206 
p-Glucose 128 213 
p-Mannose 130 218 
Fructose 
 L-Arabinose 120 197 
3 None 151 | 272 
p-Glucose 156 271 
p-Glucose-6-phosphate 153 270 
Fructose-6-phosphate 263 
| Fructose-1 ,6-diphosphate | 179 | 336 


Tissue, 250 mg. of rabbit liver slices; electrolyte-bufler solution, 1.75 ml. of a 
NaCl, KCl, MgSO,, and sodium phosphate solution at pH 7.32 (Krebs (23)); sub- 
strate, 0.25 ml. of 5.4 per cent hexoses, or 4.5 per cent pentoses; gas phase, oxygen; 
center well, 10 per cent NaOH; rate of shaking, 120 per minute; temperature, 37.5". 


Liver Slices 


Investigators who have studied the oxidation of simple sugars by mamma- 
lian liver slices have, for the most part, found no appreciable increase in the 
oxygen consumption. Glucose when added to rat liver (17-21) or to guinea 
pig liver (22) has no effect. Whereas galactose (21) and arabinose and 
xylose (19) have no effect on the oxygen uptake of rat liver, fructose has 
been reported by Kisch (19) and Marsh (21) to increase the oxygen con- 
sumption of normal rat liver slices, although their results are in disagree- 
ment with those of Dickens and Greville (17) who find that brain cortex, 
testis, and kidney are stimulated, but not liver. 

In the liver slice experiments, shown in Table I, the oxygen consumption 
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by 250 mg. of rabbit liver slices suspended in an isotonic electrolyte-buffer 
solution at pH 7.32 was essentially unchanged by the addition of p-glucose,* 
p-galactose,* p-arabinose,! D-lyxose,* p-xylose,> p-mannose,’ fructose, 
L-arabinose,’ p-glucose-6-phosphate, and fructose-6-phosphate. The only 
substrate that appeared to prevent in part the decrease in the rate of oxygen 
consumption was fructose-1,6-diphosphate.’ It seems likely that the glu- 
cose derived by hydrolysis from the glycogen contained in the liver was 
supplying a sufficient amount of a preferred substrate and that, therefore, 
added substrates were without effect. 


HO Extracts of Lyophilized Lamb Liver 


In view of the fact that glucose dehydrogenase is water-soluble (1, 4), it 
was decided first to investigate the oxidation of these sugars by water ex- 
tracts of lyophilized lamb liver. 

The results are presented in Table II. pv-Galactose (Eastman), p- 
galactose (Eimer and Amend), D-mannose, p-glucose-6-phosphate, and 
fructose-6-phosphate seem to have a small stimulating effect, whereas 
fructose-1 ,6-diphosphate definitely increases the uptake of oxygen above 
that of the substrateless control. The failure of p-glucose to increase the 
oxygen uptake might be explained on the basis that the hydrolysis of glyco- 
gen in the liver or in the water extract has already produced sufficient 
glucose to saturate the enzyme system. 


(NH,)2SO,4 Precipitates of H,O Extracts of Lyophilized Liver 


Harrison (12) made his second glucose dehydrogenase preparation by 
saturating the water extract to 50 per cent with (NH4)2SO, and found that 
the resulting proteins were quite reactive toward glucose. This was also 
the method used by Miiller (7) who found that in addition to p-glucose, 
pD-galactose and p-xylose were oxidized; p-mannose and L-arabinose were 
not. The final concentration of sugar in his Thunberg tubes ranged from 
0.125 to0.5 mM. The concentrations were very much higher than the con- 
centration used by Breusch (8) who added | mg. of substrate to 3 ml. of 
fluid to make a final concentration of approximately 0.002 m. Breusch 
found that only p-arabinose was oxidized and not L-arabinose, D-mannose, 
D-ribose, D-xylose, or D-galactose. 

Early results that we obtained, using Harrison’s enzyme and coenzyme 
preparations and a final concentration of sugar of 0.225 m, are presented in 
Table III. It would ap>ear that p-glucose, p-xylose, p-galactose (Eimer 
and Amend), and hexose monophosphate are oxidized, whereas L-arabinose, 
D-mannos*, and p-ribose are not. 


* Merck and Company, Inc., ¢.r., anhydrous. 
* Eastman Kodak Company. 
* Eimer and Amend, c.r. 


| 
Norige 
iting | 
‘lized | 
in the 
ariowus 
| 
| 


Il 
Effect of Various Substrates on Oxygen Uptake by Water Extract of Lyophilized Lam 


Liver 
| Oxygen consumption 
Experiment No. | Substrate 
min. 120 ate 
| 
l None 100 | 161 
p-Glucose | 106 163 ° 
p-Galactose (Kastman) 123 18] 
p-Galactose (Eimer and Amend) | 120 193 
p-Mannose | 121 | 179 
Fructose 115 170 
2 None 11S 168 
p-Glucose 115 174 
p-Arabinose | 17 176 
L-Arabinose 116 176 
p-Xylose lll 163 
p-Lyxose 109 168 
3 None 110 165 
p-Glucose 110 168 
p-Ribose (Schwarz) 1l2 173 
p-Glucose -6-phosphate | 132 205 
Fructose -6-phosphate 133 199 
Fructose-1 ,6-diphosphate | 156 232 


Total volume, 2.5 ml.; extract, 0.5 ml.; preparation, 10 gm. of lyophilized lamb 
liver, 40 ml. of H,O; 30 minutes at 0°; centrifuged, decanted; 20 ml. of H,O to residue; 
15 minutes at 0°; decanted; total volume in three experiments, 34, 37, and 37 ml., re- 
spectively; buffer, 1.0 ml. of 0.25 mM phosphate at pH 7.35; substrate, 0.25 ml. of s 
1 m solution; center well, 10 per cent NaOH; gas phase, oxygen; rate of shaking, 10 
per minute; temperature, 35°. 


Ill 


Decolorization of Methylene Blue by Harrison's Enzyme-Coenzyme in Presence of 
Various Sugars 


Substrate Decolorization time Substrate tine 
min min. 
None L-Arabinose 
p-Glucose | 7 p-Mannose 
p-Xylose | Ss p-Ribose 
p-Galactose (Eimer and © 35 Hexose monophosphate 8 
Amend) | | 


Total volume, 1.75 ml.; protein, 0.4 ml., equivalent to 0.4 gm. of lyophilized lamb 
liver, prepared according to Harrison (12); final dry preparation dissolved in water, 
insoluble portion centrifuged off and discarded, and the pH adjusted to 7.4; coen- 
zyme, 0.4 ml., equivalent to 0.4 gm. of liver, prepared according to Harrison; sub- 
strate, 0.2 ml. of a 2 m solution; methylene blue, 0.25 ml. of a 1:5000 solution; water, 
0.5 ml.; temperature, 38°. 
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Partially Purified Dehydrogenase Preparations 


The two partially purified enzyme preparations of lyophilized lamb liver, 
Preparations A and B, which were obtained by successively adjusting pH, 
fractionating with (NHI and adsorbing on gel, are undoubt- 
edly mixtures of several dehydrogenases and of other enzymes as well. No 
special attempt was made to obtain a pure or eleetrophoretically uniform 
preparation. It was hoped, rather, to free the dehydrogenases of all the 
substrates and coenzymes and of most, if not all, of the flavoprotein which 
might mediate between the added coenzymes DPN and TPN and the added 
oxygen carrier, methylene blue. The preparations were certainly free of 


Taste lV 


Effect of Varying Protein Concentration 


| Decolorization time 
Protein per Thunberg tube 


| Metitylene blue 2,6-Dichlorophenol indophenol 
ms. | min. | min. 
2 (1.3)° 16 5.5 
4 (2.6) I 2 
6 (3.9) S 1.5 
S (5.2) .| 7 l 


— 


Total volume, 2.05 ml.; protein, 0.4 ml., containing the water-soluble portion of 
from 2 to S mg. of Preparation A after centrifuging off the insoluble proteins; coen- 
zyme, 0.4 ml. of a 0) mg. per cent solution of DPN in H,O; substrate, 0.2 ml. of al 
solution of p-glucose ; buffer, 0.5 ml. of 0.25 phosphate at pll 7.4; oxidation-reduc- 
tion indicator, 0.25 ml. of a 1:5000 solution of either dye in H,O; water, 0.3 ml; 
temperature, 38°. 

* Approximately 65 per cent goes into solution. 


substrate, since without glucose, but with added DPN, TPN, and methyl- 
ene blue, the oxygen consumption for a 2 hour period averaged only 10 
¢.mm. 

The first series of experiments with these partially purified preparations 
was carried out in Thunberg tubes with Preparation A. The effect of pro- 
tein concentration is shown in Table IV. Both methylene blue and 2,6- 
dichlorophenol indophenol were used as oxidation-reduction indicators. 
In this and in subsequent experiments with Preparation A the amount of 
the preparation that dissolved in distilled water averaged approximately 
65 per cent of the weighed protein. The results indicate a typical response 
and the values if plotted would give a hyperbolic curve. The protein con- 
centration chosen for the Thunberg experiments to follow was 2 mg. per 
tube. 

The next experiment was to test the effect of varying the glucose concen- 
tration on the decolorization time of both methylene blue and 2 ,6-dichloro- 


i 
; Lam 
nin. 
q 
| 
lamb | 
idue. 
of 
€ of | 


576 OXIDATION OF SUGARS BY LIVER 


phenol indophenol (Table V). The final glucose concentration in the 
Thunberg tubes ranged from 0.195 to 0.003 mM. In the presence of 0.098 y 
final concentration of glucose, methylene blue was decolorized in 85 
minutes and 2,6-dichlorophenol indophenol in 3.5 minutes, whereas in the 
presence of 0.006 M final concentration of glucose (6.1 per cent of 0.098 y) 
methylene blue was decolorized in 21 minutes and 2 ,6-dichlorophenol indo- 
phenol in 18 minutes. In subsequent tests any substance which at a 0.008 
M final substrate concentration decolorizes methylene blue in 21 minutes or 
less and 2 ,6-dichlorophenol indophenol in 18 minutes or less would have to 
be considered oxidized, or would have to contain impurities equivalent to 
6 per cent or more of D-glucose. 


Taste V 
Effect of Varying Glucose Concentration 


Decolorization time 
Final glucose concentration 
Methylene blue 2,6 Dichlorophenol indopheno} 
min. min. 
0.195 7 | 3 
0.098 8.5 3.5 
0.049 9 | 4 
0.024 11.5 5 
0.012 15 7 
0.006 21 18 
0.003 2s 37 


Total volume, 2.05 ml.; protein, 0.4 ml., containing the water-soluble portion 
from 2 mg. of Preparation A after centrifuging off the insoluble proteins; approxi- 
mately 1.30 mg. goes into solution; substrate, 0.2 ml. of a 2 mM to m/32 solution of 
p-glucose; coenzyme, buffer, oxidation-reduction indicator, water, and temperature 
as in Table IV. - 


In Table VI we see the effect of various substrates on the decolorization 
time of the two indicating dyes. The sugars which are themselves oxidized 
or which may contain impurities equivalent to 6 per cent or more of pD- 
glucose are p-arabinose, D-lyxose, p-xylose (Eastman), p-xylose (Eimer 
and Amend), and p-glucose itself, of course. With 2,6-dichlorophenol in- 
dophenol as an indicator, the two p-galactoses are slowly oxidized, but 
this might well be due to impurities since decolorization occurs so slowly. 

The second series of experiments was performed with Preparation B and 
the reactions were followed in Warburg vessels. Both DPN and TPN 
were added in phosphate buffer (pH 7.4), and methylene blue was added to 
serve as oxygen carrier. The protein concentration which on the addition 
of 0.25 ml. of 1 mM p-glucose (final concentration 0.050 m) was found to cause 
an oxygen consumption of about 100 ¢.mm. in 2 hours was 20 mg. per vessel 
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Tasie VI 


Effect of Various Substrates on Decolorization Time 


Substrate 


None 

p-Glucose 

p-Arabinose 

p-Galactose (Eimer and Amend) 
p-Galactose (Eastman) 
p-Lyxose 

p-Xylose (Eastman) 

p-Xylose (Eimer and Amend) 
L-Arabinose 

Fructose 

p-Mannose 

p- Ribose 

Fructose -6- phosphate 
Fructose-1 ,6-diphosphate 


Total volume, 2.05 ml.; substrate, 0.2 ml. of a 1 m solution in H,O; protein, 
coenzyme, buffer, oxidation-reduction indicator, water, and temperature as in 


Table V. 


Effect of Glucose Concentration 


Final glucose concentration 


0.050 
0.025 
0.0125 
0.006 
0.003 


Taste VII 


Oxygen consumption 


ti 


Total volume, 5.0 ml.; protein, 2 ml., containing the water-soluble portion from 
20 mg. of Preparation B after centrifuging off the insoluble proteins; approximately 
13.0 mg. goes into solution; coenzymes, 0.5 ml. each of 50 mg. per cent DPN and 
TPN in 0.25 w phosphate buffer at pH 7.4; substrate, 0.25 ml. of a 0.0625 m to 1 w 
solution of v-glucose; buffer, 1.0 ml. of 0.25 m phosphate at pI 7.4; methylene blue, 
0.5 ml. of a 1:5000 solution in H,O; temperature, 38°; center well, 0.25 ml. of 10 per 


cent NaOH. 


or 10 mg. per ml. This was the concentration used to test the effect of 
varying the substrate concentration. At a 0.050 m final concentration of 
glucose (Table VII) the oxygen consumption was found to be 114 ¢.mm. in 
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2 hours, whereas at 0.003 M final concentration of glucose (6 per cent of 
0.050 mM) the oxygen consumption was found to be 32 ¢.mm. in 2 hour 
Under comparable conditions and with 0.050 mM glucose in the control vessels 
any substrate which causes uptake in excess of 52 c.mm. in 2 hours would 
have to be itself oxidized or contain impurities equivalent to at least 6 per 
cent of D-glucose. 


Taste 
Effect of Various Substrates at One Protein Concentration 


Oxygen consumption 
Experiment Substrate 
60 min 120 min. 
| 
l None 4 | 10 
p-Glucose 6S | 126 
p-Galactose (Fastman) M4 25 
| p-Galactose (Fimer and Amend) 20 29 
p-Mannose 14 
Fructose 10 16 
2 None 3 | 
p-Glucose 72 129 
p-Arabinose 34 | 61 
| L-Arabinose 9 30 
p-Xvlose (Fastman 30 | 53 
 p-Lyxose 2 43 
3 None 10 
p-Glucose 123 
p-Glucose-6-phosphate $5 6S 
| Fructose -6-phosphate 22 | 36 
Fructose-1 ,6-diphosphate 25 49 
p-Ribose | 12 | 18 


Total volume, 5.0 ml.; substrate, 0.25 ml. of a 1 m solution in H,O; protein, 
coenzymes, buffer, methylene blue, and temperature as in Table VII; center well, 
0.25 ml. of 10 per cent NaOH. 


In Table VIII we see the effect of various substrates on the oxygen con- 
sumption at a protein concentration of 20 mg. per vessel. Those substrates 
which stimulated the oxygen consumption so that it exceeded 32 ¢.mm. in 
2 hours were p-glucose, D-arabinose, p-xvlose (Eastman), p-lyxose, p-glu- 
cose--phosphate, fructose--phosphate, and  fructose-1 ,6-diphosphate. 
These substrates, therefore, are themselves oxidized by Preparation B with 
added coenzymes or contain impurities equivalent to 6 per cent of glucose. 

As a further test of actual oxidation several of the substrates were studied 
at two protein concentrations (Table IX). The 20 mg. sample per vessel 
previously used was one concentration and 3 times that amount, or 6O mg. 


| 
| 
| 
| 
| 
| 


Ww. W. WAINTO 579 


vessel, was the other. At the lower protein concentration the substrates 
which stimulated the oxygen consumption to exceed or nearly to exceed 32 
emm. in 2 hours were the same as before, namely, p-glicose, p-arabinose, 
p-xylose (Eastman), b-lyxose, D-glucose-i-phosphate, fructose-6-phos- 
phate, and fructose-1 ,6-diphosphate “These sugars were all oxidized at a 
greater rate at the higher protein concentration. b-Galactose (Eastman) 
and t-arabinose failed to stimulate the oxygen consumption to rise above 
32 c.mm. even at the higher protein concentration. 


Taste IX 
Effect of Various Substrates at Two Protein Concentrations 
| 20 mg. protein | 6) mg. protein 
Substrate consumption 
min. 120 min. of} min. nin, 
| (mm. | pr 
None | 5 | 5 
p-Glucose ' 72 | 126 11 195 
p-Galactose 12 IS 
p-Arabinose 2 | ‘0 139 
t-Arabinose | 18 
p-Xylose (Fastman) Is | 30 35 | 52 
p-Lyxose 22 | 3b 3H 56 
p-Glucose-6-phosphate | 44 | 
Fructose-6-phosphate | 82 161 
Fructose-1! ,6-diphosphate 26 | S2 | 148 


Total volume, 5.0 ml.; protein, 2 ml., containing the water-soluble portion from 
20 or 60 mg. of Preparation B after centrifuging off the insoluble proteins; approxi- 
mately 13.3 and 40 mg., respectively, go into solution; substrate, coenzymes, buffer, 
methylene blue, and temperature as in Table VIII; center well, 0.25 ml. of 10 per 
cent NaOH. 


It would appear then as though the only five substances which are defi- 
nitely oxidized by Preparation B in the presence of added methylene blue, 
DPN, and TPN are p-glucose, b-arabinose, p-glucose-6-phosphate, fructose- 
6-phosphate, and fructose-1 ,6-diphosphate. The oxidation of pb-xylose 
(Eastman) and p-lyxose remains uncertain. ‘The small oxidation of all the 
other sugars appears to be due either to the presence of impurities or to a 
lack of specificity of the participating enzymes. 

The last experiments (Table X) were done with Preparation C, which 
differs from Preparation B in two respects: special precautions were taken 
to keep the preparation cold at all stages except during centrifugation when 
refrigeration was not available, and the lyophilized liver was homogenized 
in a Waring blendor with 4 volumes of cold distilled water instead of being 
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ground ina mortar. Further, in preparing the final product for use in the 
experiments reported below, the protein was dissolved in 0.25 mM phosphate 
buffer of pH 7.4 instead of in water; the protein dissolved completely in the 
buffer at the concentrations used. 

The substrates were studied at two protein concentrations, 20 mg. and 
40 mg. per vessel. A substrateless control and a control containing 0.003 
mM D-glucose in final concentration (6 per cent of 0.050 mM p-glucose) were 
included. All other sugars were used at 0.050 m final concentration of sub. 


Taste X 
Oxidation of Various Substrates at Two Protein Concentrations 


| 20 mg. protein 4) Mg. protein 


Final substrate concentration Oxygen consumption 


|—- ----— ---- — 


6) min. 120 min. 60 min. | 120 min. 

No substrate | 17 2s met 33 
0.050 p-glucose ISO 353 3SS | 678 
0.003 p-glucose 40 67 61 | 97 
0.050 p-arabinose 100) | 166 
0.050 p-xylose (Eastman) | 126 229 
0.050 p-lyxose 79 119 
0.050 p-glucose-6-phosphate | SS 151 
0.050 fructose-6-phosphate | v7 138 


0.050 fructose-1,6-diphosphate | 93 138 


Total volume, 5.0 ml.; protein, 2 ml., containing 20 or 40 mg. of Preparation C 
dissolved in 0.25 m phosphate buffer at pH 7.4; the protein is completely soluble; 
substrate, 0.25 ml. of al m or 0.06 m solution in H,O to make a final concentration 
of 0.050 « or 0.003 mM, respectively; coenzymes, 0.5 ml. each of 100 mg. per cent of 
DPN and TPN in H,.O; methylene blue, 0.5 ml. of a 1:5000 solution in HO; water, 
1.0 ml.; center well, 0.25 ml. of 10 per cent NaOH; temperature, 38°. 


strate. p-Glucose, D-arabinose, p-xylose (Eastman), p-lyxose, p-glucose-t- 
phosphate, fructose-6-phosphate, and fructose-1 ,6-diphosphate gave values 
for oxygen consumption in | and 2 hours, and at the two protein concentra- 
tions that exceeded the 0.003 m p-glucose control. It would appear that 
all seven of these sugars are oxidized. If they are not oxidized, they should 
contain impurities equivalent to more than 6 per cent of p-glucose. 


DISCUSSION 
In 1936 Lipmann (24) and Dickens (25), working independently, formu- 
lated a hypothesis to the effect that the aerobic oxidation of glucose mono- 
phosphate in yeast might proceed through phosphogluconic acid to 
2-ketophosphogluconic acid and hence by decarboxylation to arabinose 
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monophosphate. Dickens carried the hypothesis further and suggested that 
by a repetition of the oxidations and the decarboxylations the arabinose phos- 
phate might go to a tetrose phosphate and finally to a triose phosphate. 
Breusch (8) has more recently made the suggestion that such a scheme, 
although without phosphorylation, might play a part in mammalian 
carbohydrate metabolism. He bases his hypothesis on the fact that p-glu- 
cose, D-arabinose, glyceraldehyde, and glycoaldehyde, and possibly p-ery- 
throse are all oxidized in the presence of a Latapie mince of cat liver when 
methylene blue is the oxidation-reduction indicator. It is toward the 
evaluation of such a scheme as this that the present work is especially 
directed. 

Since Miller (7) had reported that p-galactose and b-xylose were oxidized 
by preparations of ox liver and since Breusch (8) had found that these two 
were not oxidized by cat liver, it was necessary to verify the results of one 
or the other. It appears from our experiments that p-galactose is not 
oxidized by lamb liver, but that p-xylose is readily oxidized, at least by some 
preparations. D-Xylose does have in its first 4 carbons the same spatial 
configuration that exists in the first 4 carbons of p-glucose, which suggests 
that the oxidation may be due to a lack in specificity of p-glucose dehydrogen- 
ase. Miiller’s (7) results with p-galactose may have been due to the high 
concentration of substrate that he was using. His final concentrations 
ranged from 0.125 to 0.50 mM, whereas Breusch used 1 mg. to 3 ml. of fluid 
to make a final concentration of approximately 0.002 m. 

Whether the phosphorylated hexoses that are reported oxidized here are 
directly dehydrogenated is not certain, since the possibility exists that they 
may be split to trioses, perhaps to phosphoglyceraldehyde, and that the 
oxygen consumption represents oxidation to phosphoglyceric acid. It is 
possible also that Zwischenferment from red blood cells is present in these 
preparations, since much blood remains in the liver even though the animals 
had been exsanguinated. 


SUMMARY 


1. The preparation of a mixture of partially purified dehydrogenases 
from lyophilized lamb liver is described. 

2. The slow decline in the rate of oxygen consumption by surviving 
rabbit liver slices is partly prevented by the addition of only fructose-1 ,6- 
diphosphate from among a number of phosphorylated hexoses and non- 
phosphorylated hexoses and pentoses. 

3. D-Glucose, D-arabinose, D-xylose, p-lyxose, p-glucose-6-phosphate, 
fructose-6-phosphate, and fructose-1 ,6-diphosphate are oxidized in the 
presence, but not in the absence, of methylene blue when diphosphopyridine 
nucleotide, triphosphopyridine nucleotide, and a partially purified protein 
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preparation from lyophilized lamb liver are added. It is not suggested that 
the first step in the oxidation of all seven of these compounds is dehydro. 
genation. D-Galactose and several other sugars are not oxidized. 

4. A modification in the first step in the svnthesis of D-glucose-t-phos. 
phate, 7.¢. in the synthesis of diacetone glucose, is presented. 
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It was stated in preliminary reports (1, 2) that the hexokinase reaction, 
glucose + adenosine triphosphate — glucose-6-phosphate + adenosine 
diphosphate, in muscle extracts from rats made diabetic with alloxan was 
markedly inhibited by the addition of adrenal cortex extract, while no 
inhibition was observed when adrenal cortex was added to extracts of nor- 
mal rat muscle. Hexokinase preparations (muscle, brain) of normal 
animals could be inhibited, however, by the addition of certain protein 
fractions of the anterior pituitary, particularly in the presence of adrenal 
cortex extract, and this inhibition, like that observed in diabetic extracts, 
could be counteracted by insulin. 

Other experiments indicated that insulin was not an accelerator of the 
reaction, since it did not exert an effect unless the system was inhibited by 
adrenal cortex alone in diabetie extracts and by pituitary plus adrenal 
cortex in normal extracts. This raised the question whether the diabetic 
extracts contained an inhibitory factor similar to that prepared from the 
anterior pituitary. On the assumption that the phenomena are related, 
the experiments with extracts of diabetic rat muscle and the preparation of 
inhibitory pituitary fractions will be described in this paper. 


EXPERIMENTAL 


Hexokinase in Muscle Extracts of Diabetic Rats—In some of the early 
experiments rats were injected intraperitoneally with 200 mg. of alloxan 
per kilo; the degree of glycosuria varied considerably in the different ani- 
mals and there were a number of fatalities. More uniform results were 
obtained when the procedure of Kass and Waisbren (3) was adopted, which 
consists in fasting the animals for 48 hours before injecting the above dose 
of alloxan subcutaneously. After the injection the animals were given 
food ad libitum and the urine was collected in individual metabolism cages. 
The animals showing marked glycosuria were killed about 2 days after the 
injection. About 10 gm. of leg muscle were rapidly excised and minced 


* This work was supported by a research grant from Eli Lilly and Company and 
the Nutrition Foundation, Ine. 
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with scissors on a glass plate in a cold room at 5° to a medium degree of 
fineness. The minced muscle was rubbed vigorously for 4 minutes in 
mortar after addition of 1.5 volumes of water. In a few experiments q 
solution of 0.05 Mm phosphate (pH 7.5)-).08 Mm NaCl was used for extraction, 
which did not seem to make any difference in the results. The musele 
pulp was either centrifuged or strained through gauze, and the extraet 
tested immediately. The pH! of the water extract was about 6.4 and of 
the phosphate-saline extract 6.9. 

The extraction must accomplish two things; it must yield an active hexo- 
kinase preparation and it must at the same time give a maximum vield of 
the inhibitory factor. The optimal conditions for dealing with these two 
variables have not been worked out. What limits the possibilities is the 
great instability of the inhibitory factor, making speed of the preparation 
of the extract and maintenance of a low temperature prime prerequisites 
of a successful experiment. 

‘The muscle extract (0.8 ec.) was added to the main compartment of two 
Warburg manometer vessels, each of which contained | ec. of 0.02 m MgCh, 
0.06 a NaHCOs, 0.1 cc. of the Upjohn adrenal cortex extract, and in one 
case 0.1 ec. of H,O and in the other 0.1 cc. of insulin! solution (100 ¥), 
The side bulb of the Warburg vessels contained in each case 0.1 ce. of 1 
per cent glucose, 0.15 ec. of 0.9 Mm NaF,? 0.05 m NaHCOs, and 0.1 ee. of 
0.1 mM adenosine triphosphate. The contents of the two Warburg vessels 
(2.35 ec.) differed therefore in only one respect; namely, that insulin was 
present in one and not in the other. 

The vessels were gassed for 4 minutes with 5 per cent CO»)-05 per cent 
N2 and equilibrated for 5 minutes at 30° (pH about 7.5). The contents of 
the side bulbs were mixed with the main compartments and liberation of 
CO, was measured for 10 to 15 minutes or longer, depending on the activity 
of the extracts. At the end of the incubation period, aliquots of the vessel 
contents were precipitated with 1 volume of Ba(OH), and 1 volume of 
ZnSO, according to Somogyi, and the glucose determined in the filtrate 
according to Nelson (4). The Ba(Oll), and ZnSO, solutions should be so 
adjusted that the filtrates (pH of filtrate about 7.2) are free of either Ba or 
Znions. A third sample was fixed before incubation in order to determine 
the initial glucose content. About 1 mg. of glucose was present initially 
and, since the experiments were so arranged that a substantial part of the 
glucose disappeared, the calculations are based on large differences in the 
glucose readings and involve a multiplication factor of only 12. Control 
experiments showed that added hexose phosphate esters were precipitated 

1 An amorphous preparation of insulin, assaying 20 units per mg., was kindly sup- 


plied by Dr. Chen of Eli Lilly and Company. 
? NaF was added.in order to inhibit adenylpyrophosphatase. 
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by the Ba-Zn treatment and that the deproteinized filtrate contained only 
a negligible amount of non-sugar reducing substances. 

Because of their greater accuracy the glucose determinations were relied 
upon to calculate the per cent inhibition of glucose utilization. For this 
reason the values for CO, evolution are not reported in detail, except to 
illustrate (Fig. 1) that an inhibition, when present, can be detected by the 
manometric method and that addition of adrenal cortex extract increases 
the inhibition very markedly’ In most cases there was a rough quantita- 
tive agreement between the CO, readings and the subsequent glucose de- 
terminations. The manometric procedure was used because it provided 
for continuous mixing, a factor which was found to be of importance; 
it also indicated a suitable time at which to interrupt the experiment for 
glucose determinations and it served as an independent method for evaluat- 
ing the experiment. All values in Tables I to VII are calculated for an 
incubation period of 10 minutes; as shown in Fig. 1, the reaction rate is 
approximately linear. 

In Table I are summarized experiments on muscle extracts of nine dia- 
betic rats and one diabetic rabbit. Inhibitions ranging from 27 to 64 per 
cent were observed when the extracts were tested immediately after prep- 
aration. Also included are four experiments on extracts of normal rat 
muscle; they show that insulin had no stimulatory effect on the hexokinase 
reaction and they illustrate the precision of the measurements when no 
inhibition is present. Other control experiments belonging to this series 
which are not specifically recorded consisted in testing the activity of muscle 
extracts of normal rats without any additions and with the addition of 
insulin or adrenal cortex separately or combined; in all of these cases the 
disappearance of glucose did not vary by more than +5 per cent. 

That the effect of insulin consists in the removal of an inhibition of hexo- 
kinase activity and not in an acceleration of the reaction is also shown in 
the last three columns of Table I. When the muscle extracts were kept 
for 45 to 270 minutes at 0° and then retested, the activity of the 
sample without insulin had risen in most cases to the level observed in the 


? In these extracts there is a considerable production of CO, without the addition 
of glucose (Fig. 1). This is due, in part, to the presence of some glucose in extracts of 
diabetic rats. One cannot therefore deduct the “basal’’ values from those obtained 
in the presence of glucose. Furthermore, NaF does not completely suppress adeno- 
sinetriphosphatase activity, and there is also some acid production in samples to 
which no adenosine triphosphate has been added. Two equivalents of CO; are 
evolved for each molecule of glucose used, because both the glucose added and tue 
hexose monophosphate formed in the hexokinase reaction serve as phosphate ac- 
ceptors. The inhibition concerns only the first reaction. All these factors decrease 
the accuracy of the manometric determination and it serves merely to give the degree 
of inhibition of the hexokinase reaction. 
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presence of insulin. In only two experiments did the inhibition persist 
after the extract had been stored for an hour or longer at 0°. In two ex. 
periments the extracts were frozen at —20° immediately after preparation; 
on thawing and retesting, the hexokinase was no longer inhibited’ These 
experiments show that the inhibitory factor is very labile, and, as will be 
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Minutes 


Fic. 1. Effect of adrenal cortex extract (ACE) and insulin on CO, production in 
extract of muscle from rats made diabetic with alloxan. The composition of the 
reaction mixture is given in the text. The control sample contained neither ACE 
norinsulin. Terminal glucose determinations showed that the inhibition was 67 per 
cent for the sample which contained ACE, as compared to the sample which contained 


ACE plus insulin. 


shown later, it resembles in this respect the inhibitory factor prepared from 
the anterior pituitary. Whether or not the disappearance of the im 
hibitory factor is due to enzymatic destruction has not been determined 
with certainty. 

A total of thirty experiments on diabetic and six experiments on normal 


‘ In a few instances the inhibitory action was not destroyed by freezing the musele 
extract. | 


| 
| 
A.C.E. 
ACE. | 
| Giucose 
P. Te 20 30 


COLOWICK, CORI, AND SLEIN 587 


rat muscle was carried out; these are summarized in Table Il. None of 
the normal extracts showed significant inhibitions. Of the diabetie ex- 


| 
Effect of Insulin on Glucose Utilization in Extracts of Muscles from Rats Made 
Diabetic with Alloran 
The composition of the reaction mixture is given in the text. Ineubated for 
10 minutes at 30°; adrenal cortex extract was added to all the samples. 


Glucose utilized 


Glucese utilized per | 
Inhibition Extract «tored 


After injection 2.45 ec. reaction mixture withnet when retested 
of alloxan insulin retesting insulin 
No insulin Insulin Neo insulin Insulin 
avs. ¥ per cent min per cent 
$1 215 tt 70 | | 0 
is 175 Frozen | 260 0 
i7 iz | 188 32 
it) S25 795 «810 2 
i! 21s 270 ISS 5 
43 10S | 4 
38 | 405 105 0 
is 115 570 | 490 0 
Normal 
| 336 346 
| 210 208 
* Diabetic rabbit. 
Tarte Il 


Summary of Data on Inhibition of Herokinase Reaction in Musele Extracts of 
Diahetic Rats 
Per cent inhibition ealeulated from glucose measurements with and without 
insulin. 


Per cent inhibition 


Range | Average 
ri 12-76 | Injected with alloxan 
11 3 Normal controls 


tracts fifteen showed inhibitions ranging from 76 to 21 per cent, while 
fifteen showed either inhibitions of less than M4 per cent, which were not 
regarded as significant, or no inhibitions at all. Although the diabetes 
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varied in intensity in the different animals, the most probable explanatic. 
for the negative results is the instability of the inhibitory factor. Singe, 
short period of storage at 0° leads to its disappearance (Table 1), it seem 
likely that this process was going on continuously during the preparation ¢ 
the extract and that in some cases the inhibition had disappeared com. 
pletely before the enzyme test was started. 

Graded effects of insulin and adrenal cortex extract on the hexokinay 
reaction in diabetic muscle extract are shown in Fig. 2. When 0.05 ce, ¢ 
the Upjohn extract was added to 2.35 ec. of the reaction mixture, it pro 


ce. A.C.E. 
Clee. ACE. + 100 7 Ineuln 
Clee. ACE, + Insulin 


O.1cc. ACE. + 107 Insulin 


Fic. 2. Effect of Upjohn adrenal cortex extract (ACE) and of insulin on bew 
kinase activity of muscle extracts of rats made diabetic with alloxan. Addition 
per 2.35 ec. of reaction mixture. 


duced as much inhibition as 0.1 cc., while 0.01 ec. was less effective. Both 


100 and 50 y of insulin counteracted the inhibition in the presence of 0. 
ce. of adrenal cortex extract, while 10 y gave only a partial reversal of the 
inhibition. 

Preparation of Brain Hexokinase—Fresh beef brain was chilled on ice, 
and, after removing the adhering membranes, the gray matter was stripped 
off and homogenized in a Waring blendor in the cold. The homogenate 
was slowly added to 10 volumes of acetone (—5°) while the blendor wast 
operation and was homogenized for 2 minutes. The material was filtered 
on a Biichner funnel and the filter cake washed with cold acetone and dried 
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in vacuo over H,SO,. The dry powdered material could be stored in a 
desiccator in the cold for several months without loss of activity. Extracts 
were prepared from the powder with 8 volumes of ice-cold distilled water. 
After centrifugation (10,000 r.p.m.), the clear supernatant fluid was used 
as a source of hexokinase. These extracts kept their activity fairly well 
for several hours when stored at 0° and could also be stored frozen for a week 
or longer without significant loss of activity. 

Fractionation of the aqueous extract of the acetone powder with ammo- 
nium sulfate between 0.3 and 0.5 saturation doubled the activity per mg. of 
protein, and further purification could be effected by precipitation between 
0.45 and 0.6 saturation. This partially purified hexokinase did not convert 
added glucose-l-phosphate to glucose-6-phosphate or to glucose and in- 
organic phosphate during 20 minutes of incubation at 30° in the presence 
of 0.01 « MgCl, and 0.08 « NaF. The same enzyme preparation formed 
large amounts of hexose-6-phosphate and hexose diphosphate from glucose 
and adenosine triphosphate. This indicates that, as in the case of yeast 
hexokinase (5), the primary phosphorylation product of brain hexokinase 
is glucose-6-phosphate. 

Preparation of Inhibitory Factor from Anterior Pituitary— The concentra- 
tion of active material in the crude extracts described below was found to 
be too low to demonstrate any effect when 0.4 cc. was added to the hexo- 
kinase test system. 

A number of procedures were tried for concentrating the active material, 
of which four will be described. In all cases the pituitary glands were ob- 
tained at the slaughter-house as rapidly as possible after the death of the 
animal and frozen in solid CO,. In most cases glands which had been 
stored frozen for not more than 3 days were used, since longer storage 
sharply reduced the number of successful preparations. 

In the case of beef glands, the anterior lobes were separated from the 
posterior lobes and connective tissue while still in the frozen state. In the 
case of sheep the whole glands were used. The frozen tissue was first 
passed through a meat grinder and then ground in a mortar with sand. 
This and all further steps were carried out in a cold room at 5°. To the 
tissue paste were added 5 volumes of distilled water. Further steps are 
described below. All centrifugations were carried out at 10,000 K.P. 
by means of the multispeed attachment of the International centrifuge. 


* When 3 to 5 ce. of the crude extract were injected intraperitoneally in normal rats 
and a muscle extract was prepared 2 to 3 hours later, the hexokinase activity in these 
muscle extracts showed in a number of cases the same behavior as in extracts of dia- 
betic rat muscle. There was an inhibition of hexokinase activity in the presence of 
adrenal cortex extract, when compared to a sample to which adrenal cortex extract 
and insulin had been added. The percentage of positive results was smaller than in 
the series with diabetic rats. 
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The crude extract was centrifuged for 10 minutes, while all fy. 
ther centrifugations were for only 2 to 5 minutes. The pH was controlled 
by means of a glass electrode. 

Procedure 1--To the ground glands suspended in water was added 02 
N Ba(OH). to bring the pH to 9.8 to 10.2. After 30 minutes of extraction 
the material was centrifuged. The turbid supernatant fluid was brought 
to pILG.S8 with 0.05 and the precipitate discarded after centrifuga. 
tion. More HLSO, was added to the clear supernatant fluid until pH 57 
was reached. The precipitate was collected by centrifugation, washed with 
distilled water on the centrifuge, and dissolved in the smallest possible 
volume of 0.05 M NasHPO,. The solution was diluted ten times with water. 
the pH adjusted to 6.8, and centrifuged. From the supernatant fluid 
two protein fractions were obtained, one precipitating between pH 638 
and 6.3 and the other between 6.3 and 5.7. Both were dissolved in 0.6 
M NaeHPO,; and immediately tested for inhibitory action. The combined 
fractions represented about 20 per cent of the total extracted proteins, 

Procedure 2— The tissue was extracted with or NaOH for 
minutes at pH 10 to 11, as described in Procedure 1. After centrifugation 
the alkaline supernatant fluid was treated with 0.1 volume of an aluminum 
hvdroxide, Cy, solution containing 20 mg. of AICOHD)s per ce. The ad- 
sorbed material was centrifuged off, washed with water, and eluted with 
O.l am NaeHPO,. The clear eluate was used for the test; it contained about 
4 per cent of the extracted protein. 

Procedure 0.05 was added to the crude aqueous suspension of 
the glands until the pH was 5.7, and the suspension was centrifuged im- 


mediately. With this proceedure only one-half as much protein is extracted — 


as with Procedures | and 2. The supernatant fluid was brought to pil 
5.3 with more H.SO, and 2 volumes of distilled water were added. The 
precipitate Which formed was centrifuged off, dissolved in 0.05 Mm NagHPO, 
and tested immediately. About 14 per cent of the extracted protein 
was recovered in this fraction. 

Procedure undiluted supernatant fluid, 5.3, described 
Procedure 3, was treated with O.1 volume of AL(OHD),. The adsorbed 
material was washed with water and eluted with O.1 a Na lIPO,. The 
vield was about 15 per cent of the extracted protein. 

The test system, total volume 2.35 ec., had the same final composition 
as that described for muscle extract, except that 0.3 ce. of brain hexe 
kinase was used as the source of the enzyme and 04 cc. of pituitary frae- 
tion containing 0.02 a NallCO, was placed in a second side bulb of the 
Warburg vessels. After gassing with 5 per cent CO,-95 per cent Ns 
and temperature equilibration, the contents of the main compartment and 
side bulbs were mixed to start the reaction. As in the case of the expert 
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ments with muscle extracts, two identical vessels were prepared, except 
that one contained 100 y of insulin while none was added to the other. 
Table III shows that treatment of insulin with 0.05 ~ KOH for 3 hours at 
37° destroys its activity in the hexokinase test system. 


Taste Ill 


Effect of Treatment of Insulin with Alkali on Its Ability to Release Brain 
Herokinase from Pituitary Inhitition 


Amorphous insulin incubated in 0.05 s KOH for 3 hours at 37°. 1.7 mg. injected 
intravenously into each of two rabbits caused no lowering of blood sugar levels. 
Pituitary fractions prepared according to Procedure |. Incubated for 10 minutes 
at 30° without insulin and with 100 y of native or alkali-treated insulin. Adrenal 
cortex extract was added to all the samples. 


Glucose utilized per 2.45 cc. _— 
Pituitary reaction mixture Inhibition 
tuila 


Pituitary fraction protein added 
No insulin Alkali treated Native Ne tnsalie Alkali-treated 


insulin insulin insulin 
' 
pH 6.2-5.7 10.9 270 300) | 34 
| 43 | | | 


IV 
Effect of Pituitary Extract and Adrenal Corter Extract on Brain Herokinase in 
Absence and Presence of Insulin 
The pituitary preparations (APE) were made according to Procedure | (pH 6.3 
to 5.7 precipitates). O.1 ce. of the Upjohn adrenal cortex extract (ACE) and 100 ¥ 
of insulin (1.) were added. Ineubated for 10 minutes at 30°. 


Inhibition 


ili BS ce. 
Glucose utilized per 2.35 cc. reaction mixture (calculated from 


Experiment No. 4th and Sth 
No additions APE APE + ACE APE +ACE +1 columns) 
| | | per cent 
! | 552 510 | 355 | 530 33 
2 | 532 | 527 310 518 | 40 
3 | 342 | 2: | 198 Sh. 43 


Table IV shows three experiments with a pituitary fraction prepared by 
Procedure 1; in two of these experiments there was no inhibitory effect un- 
less adrenal cortex extract was also added; in the third experiment the 
pituitary fraction alone had an inhibitory effect, which was increased by 
the addition of adrenal cortex extract. For this reason adrenal cortex 
extract was added in all assays for pituitary inhibitor. Table IV also 
shows the activity of the brain hexokinase without any additions and 
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illustrates the fact that the inhibition is removed by insulin. Control 
experiments have also been carried out which show that adrenal cortex 
extract in the absence of the pituitary inhibitor had no effect on the hexo. 
kinase reaction. 


Tarte V 
Effect of Pituitary Extracts on Beef Brain Herokinase 


Adrenal cortex extract was added to all the samples; incubated for 10) minutes 
at 30°. 


| Ghacese utilized Glacese utilized 
Procedure} | Pituitary "tion mixture Inhibition | when retested | Inhibit 
insulin insulin 
1 |Beef | | 135 | 230 4] 
450 
6.2 320 | 435 
Calf 325 490 34 | 
Sheep 300 | | 
2 130 | 360 | 
185 | 265 | 30 120 260 | 0 
195 | 275 
3 | Horse* 230 | 440 4s Go 485 
330 | 32 | 120 | 370! 350 | 
Sheep | 5.2 im | 60; 7 | | | 
45 | 300) | 300) 400 | 10 
oe 2.8 255 | 495 a | | | 
280 Frozen 525 505 | —4 
4 5.4 | 105 | 445 
| 20 | 300 
| | 185 | 275 | 3] § 
| | 275 350 21 | 


* Lyophilized glands. 


Representativeexperiments with fractions obtained by the four procedures 
are shown in Table V, while a summary of all experiments on twenty-seven 
different batches of glands is given in Table VI. None of the procedures 
invariably vielded an active extract. In Table VI all experiments on glands 
stored not longer than 3 days are listed as negative, if the inhibition was 
less than 14 per cent. Although all positive and negative experiments are 
recorded, it should be understood that the actual number of each is in- 
fluenced by the number of trials that were made with each batch of glands. 
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Actually each of the twenty-seven batches yielded an active extract by one 
or the other method of preparation. 

There were twelve other positive experiments in which other procedures 
were tried, such as fractionation of the alkaline extract with ammonium 
«ulfate between 0.2 and 0.45 saturation, dialysis and isoelectric precipita- 
tion between pH 6.8 and 5.8, adsorption with AI(OH),; at different pH 
levels, and the use of muscle extract instead of brain hexokinase as the test 
system. In still other experiments the measurement of CO, production 
was omitted and the reaction mixture was incubated in test-tubes without 
shaking. Although this method appeared satisfactory, there were several 
tests in which the sample incubated in Warburg vessels gave a positive 
result, while the same pituitary fraction, when incubated in test-tubes 
without shaking, showed no inhibitory action. 


Taste VI 
Summary of Inhibitions of Herokinase Activity Obtained with Fractions of 
Pituitary Gland 


Per cent inhibition of 


No. of preparations positives 


Procedure No. Remarks 
Positive Negative Range Average | 
1. pH 6.8-6.3 ppt. 14-36 25 7 batches (4 beef, 3 
sheep) 
2 14-04 33 5 batches (sheep) 
3 ri il 9 


In Procedure 1, Table VI, the pH 6.8 to 6.3 precipitate was less active 
per mg. of protein than the pH 6.3 to 5.7 precipitate. Acid extraction 
followed by isoelectric precipitation between pH 5.7 and 5.3 or adsorption 
of the acid extract with Al(OH), (Procedures 3 and 4, Table V) yielded 
more active extracts, since 3 to 5 mg. of protein per test gave inhibitions of 
44 to 77 per cent. Only 1 to 3 mg. of protein were required for 29 to 64 
per cent inhibition when Procedure 2 was used. Active preparations were 
also obtained on three occasions from a lyophilized horse pituitary powder 
kindly supplied by Dr. Campbell of Eli Lilly and Company. After more 
prolonged storage this powder failed to yield active material. When the 
purified fractions of pituitary were lyophilized, the activity was lost. 

In several cases the tests were repeated after the pituitary fractions had 
stood for 30 to 120 minutes in an ice bath or after they had been frozen, 
but invariably the inhibitory action had disappeared. As shown in’ Table 
V, in these cases the hexokinase activity in the sample with insulin remained 
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about the same, while the sample without insulin showed in each case , 
‘greater activity than in the test with the freshly prepared pituitary extrae 
These observations duplicate those recorded in Table I with muscle extraes 
of diabetic rats. Various attempts were made to increase the stability ¢ 
the inhibitory fractions by keeping them at various hydrogen ion conces. 
trations or in an atmosphere of N», or by adding various ions or a boiled 
juice of pituitary glands, but so far none of these and other procedures 
have been successful. 

During a visit of Dr. Li an opportunity was afforded for testing thre 
highly purified pituitary hormones prepared by him in Dr. Evans’ labors. 
tory. Growth, adrenotropic, and lactogenic hormone preparations had pe 
inhibitory effect on the hexokinase reaction (Table VID). 


Taste VII 
Absence of Inhititory Effect of Highly Purified Pituitary Hormones 


1 mg. of each was added to 2.35 ce. of reaction mixture. Adrenal cortex extrac 
was added to all the samples; incubated for 10 minutes at 30°. 


Glucose utilized per 2.35 cc. 
reaction mixture 


Hormone Inhibition 
No insulin Insulin 
7 per ceni 
Growth 340 340 0 
Adrenotropic |. 410 
Lactogenic 300 330) 
DISCUSSION 


Since adrenal cortex extract produces a marked inhibition of hexokinase 
activity in muscle extracts of diabetic rats, but has no effect on the hexoki- 
nase activity of normal muscle or brain extracts unless a pituitary fraction is 
also added, the authors would like to draw the tentative conclusion that 
there is present in muscle extracts of diabetic rats an inhibitory substanee, 
possibly of pituitary origin. Such a substance may also be present in e 
tracts of normal muscle, but it cannot be demonstrated, either because les 
is present or because there is enough insulin in the extracts to nullify its 
action. 

Some support for the above concept is derived from the fact that adrenal 
cortex extract fails to inhibit diabetic muscle preparations which have been 
stored for short periods at 0°. This certainly indicates the loss of a faetor 
participating in the inhibition, and its remarkable lability resembles that 
observed with the inhibitory substance prepared from pituitary glands. 
Furthermore, the response of diabetic muscle extracts to increasing amounts 


of 

we 
the 

ceo 

wil 
the 
tres 
\ 

eal 
sen 
inh 
hib 

effe 
tel 

tra 

pH 

pe 

pe 

du 
ma 
| che 

| 

sul 
tha 
this 
the 
sho 

| its 

inh 
: mu 
sho 


“<= 


72 


PFESSE 


= 


COLOWICK, CORI, AND SLEIN 595 


of adrenal cortex extract is of the type to be expected if another substance 
were participating in the inhibition and were the limiting factor determining 
the maximum degree of inhibition obtainable with an excess of adrenal 
cortex extract. The final proof for the pituitary origin of this substance 
will rest on the demonstration that adrenal cortex extract fails to inhibit 
the hexokinase activity of muscle extracts from hypophysectomized rats 
treated with alloxan. 

Whatever the nature of the inhibition of the hexokinase reaction, there 
ean be no doubt that insulin exerts an antagonistic effect and that this repre- 
sents a reproducible in vitro effect of insulin. In every case in which an 
inhibition was obtained, addition of insulin completely abolished the in- 
hibitory effect. The possibility that this might be a non-specific protein 
effect is made extremely unlikely by the high concentration of other pro- 
teins in the test system and by the abolition of the effectiveness of insulin 
by mild treatment with alkali. 

The difficulty in obtaining consistent inhibitions of the hexokinase re- 
action is due largely to the lability of the pituitary factor. In a erude ex- 
tract of the pituitary, the factor is relatively stable over a wide range of 
pH, since active material may be obtained after extraction at pH 10 for 
periods up to 2 hours, or after extraction at pH 5.7 for somewhat shorter 
periods, while the partially purified material loses its activity completely 
during even shorter periods of standing at either pH. It cannot be de- 
cided at present whether the rapid loss in potency is the result of an enzy- 
matic destruction of the active substance or the result of some physico- 
chemical change such as denaturation, oxidation, or formation of an 
inactive complex. 

Efforts are also being directed toward elucidating the nature of the active 
substance in adrenal cortex extract. Preliminary experiments indicate 
that the substance is present in the so called “‘amorphous fraction” (2). 

The possible physiological significance of the observations recorded in 
this paper has been discussed elsewhere (6) and it has been pointed out that 
they are in agreement with Houssay’s and Long’s experiments, which 
show that the anterior pituitary and the adrenal cortex exert an inhibitory 
effect on the utilization of blood sugar in depancreatized animals. It has 
also been emphasized that insulin may have other points of action besides 
its effect on the hexokinase reaction. 


SUMMARY 


1. The hexokinase activity of extracts of muscle of diabetic rats can be 
inhibited by the addition of adrenal cortex extract. Out of thirty different 
muscle extracts from rats made diabetic by injection of alloxan, fifteen 
showed inhibitions ranging from 21 to 76 per cent, while fifteen showed 
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inhibitions of 14 per cent or less. Maximum inhibition is obtained with 
0.05 ec. of adrenal cortex extract (Upjohn) per 2.35 cc. of reaction mixture, 
larger amounts having no further effect. 

2. The hexokinase activity of extracts of normal rat muscle or beef brain 
is not inhibited by adrenal cortex extract, but can be inhibited 30 to 75 
per cent by the further addition of 1 to 7 mg. of a protein fraction fromthe 
anterior pituitary. 

3. Either of the above inhibited systems serves as a suitable test object 
for the demonstration of a reproducible 7n vitro effect of insulin on the hexo- 
kinase reaction, consisting in the complete removal of the inhibition. 
About 50 y of insulin are sufficient to counteract the effect of 0.1 ce. of 
adrenal cortex extract on diabetic muscle extracts. Treatment of insulin 
with 0.05 x KOH for 3 hours at 37° abolishes its effectiveness in the hexo- 
kinase test system. 

4. It is proposed that the inhibitory effect of adrenal cortex extract alone 
on diabetic muscle extracts depends on the presence in the latter of an in- 
hibitory factor, presumably of pituitary origin. 

5. Various procedures for the preparation of the inhibitory factor from 
pituitary glands are described. Acid or alkaline extractions may be used, 
followed by either isoelectric precipitation or adsorption on alumina and 
elution of the active material with phosphate. All preparations obtained 
so far are exceedingly unstable, and in this respect bear a striking resem- 
blance to the inhibitory substance in diabetic muscle extracts. 

6. Highly purified preparations of the adrenotropic, lactogenic, and 
growth hormones have been tested for inhibitory action with negative re- 
sults. 

7. Beef brain hexokinase has been partially purified by ammonium sulfate 
fractionation, and it has been shown that the hexokinase reaction in brain, 
just as in yeast, consists in a phosphorylation of glucose by adenosine 
triphosphate in the 6 position without the intermediate formation of glu- 
cose-1-phosphate. 
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e, THE DISTRIBUTION, RETENTION, AND EXCRETION OF 
RADIOPHOSPHORUS* FOLLOWING THYROPARATHYROID- 
in ECTOMY, OR BILATERAL NEPHRECTOMY, AND THE 

5 ADMINISTRATION OF PARATHYROID EXTRACTT 
re 


By WILBUR Rk. TWEEDY, MAX E. CHILCOTE.t ax» MARY C. PATRAS 


(From the Departments of Biological Chemistry and Physiology, Loyola University 
School of Medicine, Chicago) 


(Received for publication, January 30, 1947) 


In 1898, ver Eecke (1) reported a conspicuous decrease in the excretion 
of phosphorus in the urine after thyroidectomy, and attributed it to the 
loss of thyroid function. In 1911, Greenwald (2) found that the diminished 
urinary excretion of phosphorus following thyroidectomy was due to the 
concurrent parathyroidectomy, and not to the removal of the thyroid. 
Greenwald (3) observed that following parathyroidectomy in dogs there 
occurred a marked retention of acid-soluble phosphorus in the blood and 
a diminished excretion of phosphorus in the urine. This observation 
was subsequently confirmed by many investigators. 

In later studies, Greenwald (4) found that the amount of phosphorus 
in the urine of fed dogs during the first 24 hours following parathyroidec- 
tomy might be reduced to as low as 2 per cent of the preoperative value. 
Furthermore, he observed that the very marked retention of phosphorus ) 
in the first few days after parathyroidectomy was followed after the ap- ; 
pearance of tetany by an increased urinary excretion of phosphorus. From : 
fe his experimental results, Greenwald (4) reasoned that the failure of para- 
a, thyroid function must occur immediately upon removal of the glands. 


By the tracer technique, it has been observed in our experiments and 
in a preceding investigation (5) that the retention of labeled phosphate 
entering the tissues is affected differently in experimental hyperparathy- 
roidism than in experimental hypoparathyroidism. In the former con- 
dition there was an increased retention of the administered radiophosphorus 
in the liver and the kidneys, and an accelerated urinary excretion of radio- 


5, phosphorus that reduced the amount taken up by the bone. In the latter : 

' condition, the marked retention of the administered radiophosphorus in 1 

the bone and the other tissues is attributed to a greatly diminished urinary : 
°ps 


t Presented, in part, before the Thirty-seventh annual meeting of the American 
Society of Biological Chemists at Atlantie City, March, 1946. 

} Present address, Department of Agricultural and Biological Chemistry, Frear 
Laboratories, State College, Pennsylvania. 
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excretion of radiophosphorus, arising from the sudden withdrawal of 
parathyroid hormone. 

The data presented in this paper support the view that the parathyroid 
hormone influences phosphorus metabolism by acting directly upon the 
kidneys. 

EXPERIMENTAL 


Young adult rats of the Sprague-Dawley strain were used. They were 
reared on a diet consisting of Purina fox chow, supplemented by greens 
once weekly. The paired animals, shown in Tables I to V, were litter 
mates of the same sex. The experimental animals were subjected to 
thvroparathyroidectomy or bilateral nephrectomy while under ether 
anesthesia. 

The tracer dose of phosphate used in the experiments consisted of 0.5 
ml. of an aqueous solution of 3 mg. of phosphorus in the form of Na,sHPO, 
containing 8 to 15 microcuries. The labeled phosphate was adminis. 
tered intraperitoneally, and parathyroid extract,’ when also employed, 
was injected subcutaneously. Immediately after the injection of the 
labeled phosphate, the experimental animal and its control were placed 
in separate wire bottom cages over urine-feces separators (6). 

At the end of the desired period, measured from the time of the ad- 
ministration of the labeled phosphate, blood was collected from the cut 
tail of the unanesthetized animal, or in some instances from the severed 
carotid arteries. The blood sample was used for the determination of 
serum calcium and serum inorganic phosphorus, or for the measurement 
of radioactivity. Serum calcium was determined by a modification (7) 
of the Kramer-Tisdall method (8), and serum inorganic phosphorus was 
determined by Holman’s method (9). 

The animals were killed by a blow on the head, or by decapitation, and 
the desired tissues removed for the measurement of radioactivity. The 
preparation of the tissue samples and the excreta for the measurement of 
activity, and the method used for their measurement are described in a 
previous publication (5)... A further description of the five series of ex 
periments follows. 

Series I—The food intake of the first four pairs of animals (Table D) 
was not restricted either before or after the experimental animals were 
subjected to thyroparathyroidectomy. The other experimental animals 
and their controls (Table I) consumed the stock diet ad libitum up to the 
time of the operation. After the operation, the controls were limited to 
about the same amount of food consumed by the animals operated on. At 
various intervals, ranging from a few hours to approximately 25 days 


' Manufactured by Eli Lilly and Company. 
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after the operation, the experimental animals and their controls were in- 
jected with labeled phosphate. 1S hours later the animals were sacrificed. 
The serum calcium values and the activity measurements of the tissues 
and excreta are shown in Table I. 

Series 11 —The animals used in these experiments received the stock diet 
ad libitum up to and including the experimental period. Approximately 
24 hours after thyroparathyroidectomy, each experimental animal was 
injected with a single dose of parathyroid extract, ranging from 500 to 
%) units in potency. | hour later a tracer dose of phosphate was adminis- 
tered to each experimental animal and to its normal control. After 
an interval of 1S hours, the animals were killed. The serum caleium and 
serum inorganic phosphorus values and the activity measurements of the 
tissues and excreta are shown in Table II. 

Series [11 The animals of Group | (Table LLL) were allowed the stoek 
diet ad libitum up to and including the experimental period. The animals 
of Group 2 were restricted to 10 gm. of the stock diet, daily, for the 3 
days just preceding the experimental period, and during the experimental 
period they had access to water only. Approximately 24 hours after 
thyroparathyroidectomy, each experimental animal of Groups | and 2 
was injected with 10 units of parathyroid extract. | hour later a tracer 
dose of phosphate was administered to each experimental animal and to 
its thyroparathyroidectomized control. After an interval of IS hours, 
the animals were sacrificed. The serum calcium and serum inorganic 
phosphorus values and the activity measurements of the femurs and the 
urine are shown in Table III. 

Series 1V-—The animals used in these experiments were permitted 
10 gm. of the stock diet, daily, for the 3 days just preceding the experi- 
ment in which they were used. During the experimental period they had 
access to water only. 2 or 3 hours after thyroparathyroidectomy, the 
experimental animals were injected with 2.5 or 5 units of parathyroid 
extract. 20 minutes after the injection of the parathyroid extract, a tracer 
dose of phosphate was administered to each experimental animal and to 
its respective thyroparathyroidectomized control. At the end of the 
various experimental periods (Table IV) the rats were decapitated while 
being held over the metabolism cage. The urine retained in the bladder 
after death was added to that recovered by washing the cage and the 
urine-feces separator. 

Kighteen normal rats were subjected to the same dietary restriction 
as that imposed upon the animals operated on. Nine of these animals were 
each injected with 5 units of parathyroid extract. 20 minutes later each 
experimental animal and its control received an injection of labeled phos- 
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phate. 18 hours later these animals were decapitated. The activity values 
of their urine only are shown in Table IV. 

Series. V— The animals used in these experiments received the stock 
diet ad libitum before the experiment, but during the experimental period 
they had access to water only. Rat A-1 (Table V) was injected with 2% 
units of parathyroid extract 2 hours after bilateral nephrectomy. 3 
minutes after the injection of parathyroid extract, Rat A-1 and its pe. 
phrectomized and normal controls (Rats B-1 and C-1) were each injected 


Tance Ill 


Effect of Parathyroid Ertract upon Serum Calerum, Serum Inorganic Phosphorus. 
and upon Retention and Excretion of Radiophosphorus in Fed and Fasted 
Th oparath yrotdectoms d Rats 


The experimental and the control animals are designated by the letters E. and 
Tpe., respectively. 10 U.S. P. units were administered in each case. 


Per cent® of radiophosphorgs 


Weight of Serum inorgani recovered 


Group No. of animal phosphorus 
No. pairs Femurs, pergem Urine 
Tpe. 4 Ty 4 T pe 
mc. per me mc. per 

lt 5 170) s 6 s 12.7 12.7 3.0 3.30 14.8: 83 
+) 22 +06 +10 43.7 42.8 40352038 4149 434 
23 4 Is2 17s 70 1 13.4 
+56 +52 203 +05 +08 £0.83 £0.7645.5 413 


* Mean per cent. The measure of variability ix indicated by the standard devi 
ation from the mean. 

t Food intake unrestricted before and during experimental period. 

} Food intake restricted to 10 gm. daily for the 3 days just before the experiment, 
and during the period fasted 


with a tracer dose of phosphate. 18 hours later Rat A-1 received a second 
injection of 250 units of parathyroid extract. Rats A-2 and A-3 (Table V) 
received four injections of parathyroid extract. The first dose of 2 
units was administered 2 hours after they were subjected to bilateral 
nephrectomy. 20 minutes after the injection of the parathyroid extract 
these animals and their respective controls were each injected with labeled 
phosphate. The other three doses of parathyroid extract were adminis 
tered to Rats A-2 and A-3 at 2, 4, and 12 hours after the injection of the 
tracer dose of phosphate. 24 hours after the administration of the labeled 
phosphate all of the animals were sacrificed. ‘The activity values of the 
tissues and the two normal urines are shown in Table V. 
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Effect of Parathyroid Extract*® upon Distribution, Retention, and Excretion of 
Radiophos phorus after Thyroparathyroidectomy 


All values are expressed as per cent of the administered radiophosphorus re- 
covered (for blood, liver, musele, femurs, per gm.) 


represents the experimental 


animal, Type. the thy roparathyroidectomized control, 
Blood Liver | Muscle | Femurs Urine 
Tr | sc. Tee. | | Tpe. | The E.  E. Tpe. 
™ are | | 
1 | 158 158! (0.35) 0.3810.98] 1.5910 160 464) 0.96 
67) 1 | | 1.84) 1.860.170. 163.003.84) 2.29| 1.32 
| 07] 108; 1 | 1.87} 1.6110. 2.27 | 2.90 
1 | 166) 3 1.550.140. 14/3. 15.17 | 3.08 
(1) | 158) 162) 1 1.90). 16,0. 20)2.61/2.57) 12.76 | 0.60 
1 | 162] 10; 3 12.53 | 2.02 
| 180 | 8 1.93)0. 19/0. 14/2.58/2.93' 3.92 | 0.48 
73) 1.30)0. 13)0. 14/2.94)3.39) 15.15 | 5.05 
(a) | | 57) 3. 17.05 
1 | 192) 180; & 20 ES) 10.62 | 2.65 
60 13 12.45 | 3.90 
1 | 173) 182) is | | 0.86) 15.50 | 2.89 
+14 | | | +2.70 |+1.50 


a “* The e xperime ‘ntal animal of each pair of rate, exe ept those of the two in paren- 


theses, received 5 U.S. P. AIL units of parathyroid extract. 
mental animals of these two pairs received 2.5 units. 


* Control found dead in cage. 
t The nine pairs of normal animals received the same dietary treatment as the 
other animals shown in this table. 
§ Mean values and standard deviation from the mean. 


Taste V 
Distribution, Retention, and Excretion of Radiophosphorus after Bilateral 
Nephrectomy and Administration of Parathyroid Extract 


All values are expressed as per cent of administered radiophosphorus recovered 
A represents the experimental animal, 


(blood, liver, muscle, femurs, per gm.). 
B the nephreetomized control, and C the normal control. 


Parathyroid 


Rat No. Weight extract 
injected 

A-l | | 2x< 20 | 

Bl | 

C.1 100 

B-2 | 9 | 

c2 | 93 | 

A3 | 74 

B-3 | 74 | 


Each of the experi- 


Feces and 

Blood Liver Muscle | Femars | Stomach | 

| intestine intestines 

| | 

025 3.31 | 0.51 | 1.09 
bed 4.27 | 0.43 | 1.82 
0.17 | 1.29 | 0.32 | 6.65, 2.2 | 0.35 | 3.00 
0.25 | 1.34 0.43} 7.00 4.95 | 0.75 | 3.43 
0.24 1.45 | 0.38 | 7.97 4.87 | 0.56 | 2.07 
0.22) 1.20! 0.3 | 5.2! 243 | 0.35 | 3.91 
| 0.27'251 0.49! 8.03! 4.03 | 0.80 | 2.03 
(0.26 | 246 0.51 9.48 5.70 | 0.69 | 2.53 


Urine 


25.3 


19.8 
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Results 


The results of the first experiments (Table 1) show that durirg the 24 
hours imme tiately following thyroparathyroidectomy the serum calcium 
of the rats dropped below 8 mg. per cent, thus indicating parathyroid 
insufliciency. On the other hand, the related, or simultaneous, change 
in the urinary excretion of phosphorus was equally pronounced. During 
the 18 hour experimental period of the Ist day following the operation, 
the experimental animals excreted only about 4.9 per cent of the adminis- 
tered radiophosphorus in the urine and 2.6 per cent in the feces, while 
their controls excreted by these routes 17.9 and 3.6 per cent, respectively. 
The excess radiophosphorus retained by the experimental animals did 
not accumulate in any one site, since the activity measurements show 
that the average specific content of P™ in the femurs, liver, muscle, and 
kidneys of the experimental animals was in each instance about 30 per 
cent higher than the average specilic content of P® in the corresponding 
tissues of the controls. Furthermore, calculations based on the data in 
Table 1, and Donaldson's (10) data on the weights of the parts and organs 
of the rat, indicate that the amounts of the radiophosphorus taken up by 
the various tissues of the animals operated on depended only on their 
relative mass and phosphorus content. 

Under the conditions of these experiments, a readjustment of the several 
intrinsic and extrinsic factors affecting phosphorus excretion appears 
to have occurred without the supervention of manifest tetany. Rats 
which were injected with a tracer dose of phosphate | to 25 days after 
thyroparathyroidectomy were able to excrete much larger amounts of 
radiophosphorus by both the urinary and the fecal route than animals 
similarly tested during the first 24 hour postoperative period. 7 to 26 
days after thyroparathyroidectomy, the kidneys, the femurs, and particu- 
larly the muscle showed a decreasing specific content of P®. During this 
period the specific content of P® in the muscle dropped about 30 per cent 
below the control values. In the femurs and kidneys, however, although 
the specific content of P® dropped sharply, it did not drop below the control 
values. On the other hand, the retention of radiophosphorus in the liver 
decreased very slowly. Our data reveal that 15 to 26 days after thyro- 
parathyroidectomy the specific content of P™ in the livers of the experi- 
mental animals was still about 20 per cent higher than that of the controls. 
From these observations it appears that a slower uptake, or a lower reten- 
tion, of the administered radiophosphorus in the muscle of the experi- 
mental animals, than that in their controls, must have accounted for the 
greater urinary and fecal excretion of radiophosphorus shown by the former 
15 to 26 days after the operation. 
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During the second 24 hours after thyroparathyroidectomy, when the 
kidneys still showed a decreased ability to excrete radiophosphorus, the 
urinary excretion of radiophosphorus was greatly increased by the injection 
of parathyroid extract. Thyroparathyroidectomized rats (Table ID), 
which received from 20 to 500 units of parathyroid extract | hour before 
the injection of labeled phosphate, excreted by the urinary route amounts 
of the radiophosphorus which were approximately 44 to 113 per cent larger 
than the amounts excreted by their normal controls. In the animals in 
which 125 to 500 units of parathyroid extract gave rise to hypercalcemia, 
there was usually a lower specific content of P™ in the various tissues than 
occurred in the corresponding tissues of the controls. Single doses of 
20 or 50 units of parathyroid extract were less decisive in their effect on 
the specific content of P* in the tissues, but the larger dose appears to have 
caused a lower initial uptake of radiophosphorus by the femurs, or to have 
increased the movement of radiophosphorus therefrom. Of the various 
observed effects of parathyroid extract upon the calcium and phosphorus 
metabolism of these animals, the elevation in the serum calcium, the re- 
duced specific content of P™ in the femurs, and the accelerated urinary 
excretion of radiophosphorus were usually the most prominent. 

A comparison of the effects of the action of 10 units of parathyroid 
extract on fed and fasted thyroparathyroidectomized rats (Groups | and 
2, Table I11) is of particular interest. In Group 1, the serum calcium level 
of both the experimental animals and their controls was 8.6 mg. per cent 
at the end of the 18 hour experimental period, whereas in Group 2 the aver- 
age serum calcium of the experimental animals was 7.0 mg. per cent and 
that of their controls 6.1 mg. per cent. The animals of Group 1 showed 
no obvious tetany at the end of the experimental period, but all of the ani- 
mals of Group 2 exhibited slight, moderate, or severe tetany. The serum 
inorganic phosphorus of the experimental animals of neither Group 1 
or 2 was appreciably different from that of their respective controls. 
On the other hand, the effect of parathyroid extract on the urinary excre- 
tion of radiophosphorus was quite definite. The experimental animals 
of Group | excreted approximately 14.5 per cent of the administered 
radiophosphorus and their controls excreted about 8.3 per cent. In the 
case of the animals of Group 2, the experimental animals excreted 14.9 
per cent of the administered radiophosphorus, while their controls excreted 
only 5.1 per cent. 

The easily demonstrable increase in the urinary exeretion of radiophos- 
phorus following the injection of 10 units of parathyroid extract indicated 
the feasibility of testing the action of smaller doses. Also, the foregoing 
experimental results indicated the desirability of establishing as closely 
as possible the interval of time during which a relatively small amount 
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of parathyroid extract influences the urinary excretion of injected radio. 
phosphorus. Accordingly, the following experiments were carried out 
with these considerations in mind. 

It will be observed that in the case of the thyroparathyroidectomized 
rats (Table IV) which received 5 units of parathyroid extract the urinary 
excretion of radiophosphorus after | hour was in one instance approximately 
as high as that observed after 18 hours. Four experimental animals, 
that were sacrificed after | hour, had exereted amounts of the radiophos- 
phorus representing 2.27 to 15.20 per cent of the tracer dose. In the same 
period their controls excreted 0.96 to 3.08 per cent of the tracer dose. 
After 18 hours, two experimental animals had excreted 12.45. and 15.50 
per cent, respectively, of the administered radiophosphorus as compared 
with excretion values of 3.00 and 2.89 per cent by their respective controls. 
3 to 5 hours after the injection of the labeled phosphate, three of the four 
experimental animals had excreted amounts of the injected radiophos- 
phorus comparable to the amounts excreted by the experimental animals 
that were sacrificed after 18 hours. The extraordinary sensitivity of these 
thyroparathyroidectomized rats to parathyroid extract is clearly evident 
when their excretion values of radiophosphorus are compared with those 
of normal animals which received 5 units of parathyroid extract. The 
average amount of the administered radiophosphorus exereted in the urine 
of nine normal rats (Table IV) during the IS hour experimental period 
was 9.12 per cent as compared with 7.90 per cent for the controls. 

Indicative of the small amount of parathyroid extract actually required 
to accelerate the urinary excretion of administered radiophosphorus by 
the thyroparathyroidectomized rats were the results obtained after the 
injection of 2.5 units of parathyroid extract. It will be observed (Table LV) 
that one of the two experimental animals had exereted 12.76 per cent of 
the tracer dose of phosphate within | hour, and that the other exereted 
17.05 per cent of the tracer dose within 5 hours. 

The increased urinary excretion of radiophosphorus by the thyro- 
parathyvroidectomized animals, following the injection of 2.5 or 5 units 
of parathyroid extract, does not appear to have affected the uptake or the 
retention of radiophosphorus in the muscle (Table IV). On the other 
hand, the slightly lower specific content of P® in most of the blood and 
bone samples of the experimental animals than that seen in their controls 
may be attributed to the increased urinary excretion of radiophosphorus, 
which appears to have proceeded simultaneously with the absorption and 
distribution of the radiophosphorus. It seems apparent that parathyroid 
extract retarded the accumulation of the administered radiophosphorus 
in the femurs to a large extent, if not entirely, by a direct action on the 
kidnevs, whereby the urinary excretion of radiophosphorus was accelerated. 
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This opinion is strengthened by some observations that were made on 
nephrectomized animals (Table V) that received injections of parathyroid 
extract and a tracer dose of phosphorus. The results of these experiments 
show that in the absence of the kidneys large doses of parathyroid extract 
had no effect upon the uptake, retention, or fecal exeretion of radiophos- 


phorus. 


DISCUSSION 


It is generally accepted that the fall in serum calcium, theimmediate 
decrease in the urinary excretion of phosphate, and the retention of phos- 
phate in the blood following thyroparathyroidectomy are due to the loss 
of parathyroid function, and not to the removal of the thyroid. Conse- 
quently, in the interpretation of our data we have considered these acute 
effects of thvroparathyroidectomy as indicative of parathyroid insufficiency 
alone. 

Heretofore, there has been a paucity of information concerning the sites 
of phosphate retention in the body of the parathyroideetomized animal, 
as well as some question whether the increased retention of phosphate, 
frequently manifested by a high serum inorganic phosphorus level, is 
the cause or the effect of the decreased excretion of phosphate. It has 
been shown in our experiments that immediately following the loss of 
parathyroid funetion in fed rats (Table 1) the urinary excretion of adminis- 
tered radiophosphorus was sharply decreased, and that the amount of 
the radiophosphorus retained in the various tissues apparently depended 
upon their relative mass and phosphorus content. Also, it was observed 
in the rat in the absence of the kidneys (Table V), but with the parathyroids 
presumably unimpaired, that the amounts of radiophosphorus found in 
the various tissues after the injection of a tracer dose of phosphate presented 
a similar pattern to that observed in rats with intact kidneys, but with 
no parathyroids. From these observations, it appears that the increased 
retention of radiophosphorus in the various tissues of the thyropara- 
thyroidectomized rats was caused by an increased uptake of the radio- 
phosphorus, due to a decreased ability of the kidney to excrete the labeled 
phosphate at the time it was being absorbed and taken up by the tissues. 
That the failure of parathyroid function, so far as phosphorus metabolism 
is concerned, first occurs in the kidneys is further indicated by the increase 
in the urinary excretion of radiophosphorus and the normal retention pat- 
tern of the unexcreted portion in the tissues when sufficient amounts of 
parathyroid extract were administered to thyroparathyroidectomized rats 
(Table IT). 

The remarkable effectiveness of small doses of parathyroid extract in 
accelerating the urinary excretion of radiophosphorus in the fed or the 
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fasting thyroparathvroidectomized rat indicates an increased itivi 
of the kidney to parathyroid hormone. In the experiments in whieh 5 
units, or less, of parathyroid extract were used, the injections of the ey. 
tract and the tracer dose of phosphate were so spaced as to assure th 
probable appearance of a small amount of parathyroid hormone in the 
blood at the time the absorption of the labeled phosphate began. From 
the results of these experiments (Table IV), it appears likely that the larger 
part of the radiophosphorus found in the urine was excreted during the 
short interval in which the labeled phosphate was being absorbed. The 
lower specific content of P® in most of the livers and femurs of the hormone. 
treated rats than that seen in their controls strongly suggests that the 
uptake of radiophosphorus was reduced by the concurrent increase in the 
urinary excretion of radiophosphorus. ‘That parathyroid extract increases 
the urinary excretion of phosphate by causing a diminished reabsorption 
of phosphate by the renal tubules has been affirmed by Harrison and 
Harrison (11), and denied by Fay, Behrmann, and Buck (12). 

The reason for the marked sensitivity of the kidney of the thyropars- 
thyroidectomized rat to parathyroid extract is not entirely clear. Con- 
ceivably, a slower turnover of phosphorus in the tissues, caused by the 
ether anesthesia, may have facilitated the action of parathyroid extract in 
promoting the urinary excretion of the injected radiophosphorus.. In any 
case, the practical significance of an increased sensitivi’y of the kidney to 
parathyroid extract is obvious. It is believed that the data presented in 
this connection provide the basis for the development of a method of detect- 
ing extremely small amounts of parathyroid hormone. 

Shelling and Asher (13) have presented evidence that the loss of the 
regulatory action of parathyroid hormone on the urinary excretion of 
phosphorus may be partly offset by a diet containing about 0.5 gm. per cent 
of phosphorus and a larger amount of calcium, whereby the excretion of 
phosphorus is shifted from the urine to the feces. Their best results were 
obtained with a diet. low in phosphorus and relatively high in caleium, in 
a ratio of about 0.25:1. The diet used in our experiments contained about 
1.54 gm. per cent of calcium and 0.98 gm. per cent of phosphorus. Even 
with this high phosphorus diet, we observed in rats (Table 1), 2 to 5 days 
after thyroparathyroidectomy, a marked tendency of injected radiophos 
phorus to shift from the urinary to the fecal route of exeretion. Further 
indication that the excess calcium of the ingested diet was a factor in pro 
moting the excretion of phosphorus by way of the feces is seen again in 
the excretion values of radiophosphorus shown by rats (Table I) 15 to 26 
days after thyroparathyvroidectomy. It will be observed that the amount 
of radiophosphorus found in the feces of these animals was about 35 per 
cent larger than the amount found in the feces of their normal controls. 
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Although the excess calcium of the ingested diet appears to have facilitated 
the fecal excretion of radiophosphorus by the thyroparathvroideectomized 
animals, this alone does not account for the inereased exeretion of radio- 
phosphorus. 

A compensatory change in the kidney and a slower turnover of phos- 
phorus in the tissues, arising from the absence of the thyroid or the para- 
thyroids, may also have favored the exeretion of injected radiophosphorus. 
The increased facility with which injected radiophosphorus was excreted 
by rats 2 to 5 days after thyroparathyroidectomy would appear to be due 
to a compensatory change in the kidney, and not to a slower turnover of 
phosphorus in the tissues. However, the data suggest that within a few 
days after thyroparathyroidectomy a slower turnover of phosphorus in 
the muscle may have caused a decreased uptake of the injeeted radiophos- 
phorus, and hence favored a greater excretion of radiophosphorus. It will 
be observed that 7 to 12 days after thvroparathvroidectomy the muscle 
tissue of the rats showed a lower specific content of P™ than that of the 
controls. Furthermore, a decreased retention of radiophosphorus in the 
muscle tissue is also seen in the animals which were tested 15 to 26 days 
after the operation. At that time these animals also showed a higher 
urinary and fecal excretion of radiophosphorus than their controls, despite 
the fact that their tissues, with the exception of muscle, showed about the 
same, or a higher, specific content of P™ than the corresponding tissues of 
the controls. ‘These observations suggest that the lower retention of radio- 
phosphorus in the muscle tissue was due to a decreased uptake of radio- 
phosphorus, which may have occurred as the result of the failure of 
parathyroid function in the muscle. ‘This opinion is strengthened by the 
evidence presented by Brown and Imrie (14) and Imrie and Jenkinson (15) 
that the parathyroid glands are concerned with the metabolism of creatine 
phosphate. These authors observed that the creatine phosphate in the 
muscle of thyroparathyroidectomized cats, in which the symptoms of 
tetany were well marked, tends to be lower than in normal cats, and that 
following stimulation of the muscle the rate of resvnthesis of creatine phos- 
phate was very much slower than that observed in normal cats. Further- 
more, they observed that the creatine phosphate and the orthophosphates 
in the muscle of thyroparathyroidectomized cats treated with parathyroid 
extract resemble the normal. 


SUMMARY 


The distribution, retention, and excretion of administered radiophos- 
phorus (P*) has been determined both in untreated thyroparathyroidec- 
tomized rats and untreated bilaterally nephrectomized rats, and in rats 
similarly operated on after the injection of parathyroid extract. 
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1. During the first 24 hours following thyroparathyroidectomy, the 
urinary and fecal excretion of injected radiophosphorus decreased sharply, 
The amounts of the administered radiophosphorus retained in the various 
tissues appeared to depend only upon their relative mass and phosphorus 
content. 

2. Within 48 hours after thyroparathyroidectomy, the urinary and fecal 
excretion of administered radiophosphorus increased markedly, and 15 to 
26 days after the operation exceeded the control value. As the excretion 
of radiophosphorus increased, its retention in the tissues decreased, but 
only in the case of muscle did the retention value of radiophosphorus drop 
below the control value. 

3. A reversal of the marked retention of injected radiophosphorus in the 
tissues during the first 24 hours after thyroparathyroidectomy and an 
increased urinary excretion of the administered radiophosphorus occurred 
when doses of 20 to 500 units of parathyroid extract were injected. 

4. The prompt action of 5 units of parathyroid extract in promoting the 
urinary excretion of administered radiophosphorus in the thyroparathyroid- 
ectomized rat is interpreted as evidence of a direct action of parathyroid 
hormone upon the kidney. 

5. After bilateral nephrectomy, the administration of parathyroid extract 
had no effect upon the distribution, retention, or excretion of radiophos- 
phorus. 


The authors are greatly indebted to Professor E. O. Lawrence, director, 
and to Dr. Joseph G. Hamilton, and the rest of the staff of the Radiation 
Laboratory of the University of California for supplying the radiophos- 
phorus used in these experiments. 
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During the course of 24 hours the normal individual excretes the equiva- 
lent of 300 to 500 ml. of O.1 N acid in combination with ammonia. This 
quantity, however, represents only a fraction of the renal capacity to ex- 
crete ammonia, for the diabetic in severe acidosis may excrete more than 10 
times this amount. The origin and mode of excretion of urinary ammonia 
have been disputed for a number of years. In 1921 Nash and Benedict (1) 
first showed conclusively that it is formed in the kidney from some precur- 
sor in the blood. In 1940 Walker (2) demonstrated directly that the cells 
of the lower two-thirds of the distal convoluted tubules of the amphibian 
kidney synthesize and actively secrete ammonia into the tubular urine. 
It is probable that the distal segments of the mammalian tubule function in 
a similar manner. Most investigators have considered urea to be the 
plasma precursor of urinary ammonia (3, 4); others have implicated amino 
acids (5) or the amide nitrogen of plasma proteins (6). In general these 
views have been based more on speculation than on conclusive evidence. 
Recently, however, Van Slyke and his associates (7), studying the renal 
extraction ratios of the several nitrogenous constituents of the plasma, have 
clearly demonstrated that in the acidotic dog some 60 per cent of urinary 
ammonia is derived from the amide nitrogen of plasma glutamine, and the 
remaining 40 per cent from plasma amino nitrogen. Urea does not con- 
tribute to urinary ammonia (8,9). The synthesis of ammonia by the cells 
of the renal tubules from both glutamine and amino acid signifies that these 
precursors must undergo deamidation and deamination within those cells. 
A glutaminase, present in kidney tissue (10), catalyzes the degradation of 
glutamine to glutamic acid and ammenia. At least three amino acid oxi- 
dases, likewise present in kidney tissue, catalyze the deaminaticn of certain 
amino acids to their corresponding keto acids and ammonia. These are 
glveine oxidase (11), d-amino acid oxidase (12), and /-amino acid oxidase 
(12, 13). Presumably one concern of these enzymes in the living animal is 
the synthesis and secretion of ammonia by the kidney. This presumption 
would be considerably strengthened if it were demonstrated that the exere- 


* This study was aided by grants from the John and Mary R. Markle Foundation 
and the United States Public Health Service. 
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tion of ammonia by the intact animal presented with an excess of glitamine 
or amino acid could be correlated with the activity cn oitro of these enzymes 
on their various substrates. And indeed Van Slyke and his associates have 
demonstrated that the intravenous administration of glutamine to the 
acidotic dog markedly enhances the rate of ammonia excretion (7). Bliss 
has observed, in the case of amino acids, that the administration of alanine 
and leucine produce a similar effect (14). Glutamine, leucine, and alanine 
vield ammonia when exposed én vitro to renal glutaminase and amino aeid 
oxidases respectively. In the present study a representative number of 
amino acids were administered to the acidoue dog by intravenous infusion, 
The rate of ammonia excretion was measured at a series of comparable 
plasma concentrations of amino acid. It was found that the capacity of 
these amino acids to alter ammonia excretion (1 rico is well correlated with 
their susceptibility to oxidative deamination (1 vifre in the presence of renal 
deaminative enzyme systems. The evidence upon which this statement is 
based is presented below. 


EXPERIMENTAL 


Experiments have been performed on two female mongrel dogs, trained 
to lie quietly while loosely restrained on a comfortable animal table. Urine 
collections were made with an indwelling catheter. The collection periods 
were 10 minutes long, and when the urine flow was less than 10 ml. per 
minute the bladder was washed with distilled water and the washings added 
to the original urine. Analyses were performed on arterial plasma, a blood 
sample being drawn from the femoral artery at the mid-point of each col- 
lection period. A portion of blood was stored on ice in a 2 ml. Van Slyke 
stop-cock pipette for subsequent pH measurement; a second portion was 
centrifuged in a completely filled and tightly stoppered ampul for the deter- 
mination of plasma carbon dioxide; and a third portion was centrifuged, 
without special precautions, for other analytical procedures described below. 
Constant plasma levels of creatinine and increasing plasma levels of amino 
nitrogen were obtained by infusions administered intravenously at a rate of 
10 ml. per minute. During each experiment plasma amino nitrogen was 
increased stepwise from normal levels of 3.4 to 4.5 mg. per cent to level 
of 20 to 25 mg. per cent by infusions of increasing amino acid con- 
centration.’ Each infusion was allowed to run for 20 minutes before the 
experimental periods were begun to allow the plasma concentration of amino 
acid to attain approximate equilibrium. During the 2 days prior to each 
experiment 500 to 600 ml. of 3 per cent ammonium chloride were given by 
stomach tube to produce acidosis. 1 hour before the start of each expen- 


' Plasma amino nitrogen levels much above 25 mg. per cent tend to cause vomiting 
and depression of renal function, as evidenced in a decreased glomerular filtration 
rate and renal blood flow. 
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ment, water was given by stomach tube in amounts of 50 ml. per kilo of 
body weight to insure adequate hydration. 


Chemical Methods 


Amino nitrogen determinations were made on pieric acid filtrates of 
plasma and urine after removal of urea with urease by the ninhydrin gaso- 
metric method of Van Slvke, Dillon, MacFadven, and Hamilton (15), as 
modified by Hamilton (16). Creatinine was determined on iron filtrates 
of plasma (17) and diluted urines by the method of Folin and Wu (18). 
All colorimetric analyses were made with an Evelyn photoelectrie colori- 
meter. The carbon dioxide content of plasma was determined manometric- 
ally by the method of Van Slyke and Neill (19), and the pH of whole blood 
was measured with a condenser type of glass electrode without exposure to 
air. The latter measurements were made at room temperature and cor- 
rected to 37° ((20) p. 166). Ammonia in urine was determined by aeration 
into borie acid and titration with OLN TLSO,. Urinary titratable acid 
was measured by titrating urine samples clectrometrically to the observed 
pH of the blood, with the glass electrode as the measuring instrument. 


Determination of Renal Function 


The creatinine clearance was used as a measure of the rate of filtration of 
plasma through the glomeruli. Since it seemed desirable to determine com- 
pletely the reabsorptive capacity of the kidney tubules for the various amino 
acids as well as the ability of these same amino acids to effect ammonia 
elimination, the quantity of amino nitrogen filtered, exereted, and reab- 
sorbed was measured during each experiment. The quantity of amino 
nitrogen filtered through the glomeruli was caleulated as the product of the 
glomerular filtration rate in ml. per minute and the plasma amino nitrogen 
concentration in mg.per ml. The quantity of amino nitrogen excreted was 
calculated as the product of urine flow in ml. per minute and the urine 
amino nitrogen concentration in mg. per ml. The difference between the 
quantity filtered and that excreted is the quantity reabsorbed by the 
tubules. 

The choice of amino acids used in this study was determined by avail- 
ability, solubility, and lack of toxicity. It would have been preferable to 
use only the natural isomers, but resolved forms of all amino acids were not 
available in the quantities required by the experiments. 

Results 

Each of the following amino acids? was studied in duplicate experiments 

performed on the same two dogs: (1) monoaminomonocarborylic acids, 


* We are indebted to Dr. D. F. Robertson of the Medical Department of Merck 
and Company, Inc., for the generous supply of individual amine acids, and to Dr. 
Melville Sahyun of Frederick Stearns and Company for the casein hydrolysate. 
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glycine, d/-alanine, 1(—)-leucine; (2) diaminomonocarboxylic acids, I(+). 


arginine hydrochloride and /(+ )-lvsine hydrochloride ; (3) monoaminodicar. 
hoxylic acids, + )-glutamie acid and d/-aspartic acid; (4) a hydrolysate of 


Tasie 


Effect of Amino Acid Administration on Renal Tubular Functions of Ammonia 
Secretion and Amino Nitrogen Reahbsorption 


Arterial plasma Glomer Urine ae wil Amine nitrogen 

Total ular 
time filtra 
Amino Creat Ammo itrat- Filter Reab- 
pH =BHCO, inine rate Flow “hia ed creted sorbed 

Experiment 1. Dog 11, dl-alanine 

mein me. per me. per mi. per mil. per meq. meg. mg. per me. per me. pe 
cont cont min. per min. per min min min. 
105-1157.31 13.6 4.24 31.3 53.6 66 5.18 0.073 0.050 2.27 0.06 2.21 
115-125 422 20.6 56.2 57 4.4 0.076 0.072 2.37 O01 2.32 


1M0-1507.31 13.7 8.16 30.0 62.9 56 5.13 0.137 0.070 5.14 1.090) 4.65 


150-160 8 5) 27.5 68.4 7 5.10 0.141 0.071, 5.82 1.35) 4.47 
175-185 13.5 27.6 | 73.7 65 5.18 0.165 0.071 9.95 3.46) 5.49 
IS5-105 14.4 28.3 | 72.4 6.9 5.27 0.170 O.O71 108 iis 6.6 
210-220 7.31 14.7 19.9 | 2.4 5.48 0.170 0.06615.4 7.08 8 37 
20.0 28.3 82.1 92 5.51 O.182 soo 842 


Experiment 2. Dog 11, / +): glutamic acid 


78 0.080 2.87 0.08) 2.79 
76 0.086 0.088 2.80 OOF 273 


165-175 7.30 12.4 4.62 2.4 62.1 7.0 
175-185 4.57 | 6.9 


200-2107.30 12.1 6.77 2.3 590 6.9 4.84 0.098 4.00 OSD. 3.20 
Js 


210-220 7.63! 28.3 66.1) 5.3 4.88, 0.088 0.00 5.04 1.21 3.8 

235-245 11.8 27.4. 60 5.14 0.085 OSS S.10 3.61 4.49 

245-255 3.2 278 72.5 7.0 5.22 0.089 0.089 9.57 5.01 | 4.5 

975-285 7.27 13.4 19.7 28.3. 67.6 7.9 5.36 0.079 0.09213.3 8.53! 4.79 

285-205 20.6 4 7.6 5.37 0.075 0.092 13.6 923 4.40 


casein with added tryptophane. The data obtained in two representative 
experiments on Dog 11 are presented in Table I. In Experiment 1, follow- 
ing two initial control periods, d/-alanine was administered at such a rate as 
to increase the plasma amino nitrogen concentration from its control value 
of 4.2 to 20.0 mg. per cent. The degree of acidosis in this animal was 
moderately severe, as is indicated by plasma pH! values of 7.31 and bicar- 


i 

| ti 
d 
}) 
| 

‘ 
te ‘ 


W. D. LOTSPEICH AND R. F. PITTS O15 


honate contents of 13 to 15 mM per liter. As a consequence of this acidosis 
the urine was highly acid and ammonia was exereted in the control periods 
at the elevated rate of 0.073 to 0.076 milliequivalent per minute. The ad- 
ministration of alanine caused an immediate and sharp rise in the rate of 
ammonia excretion. Doubling the plasma amino nitrogen concentration 
approximately doubled the rate of ammonia elimination. Further increase 
in plasma amine aweid concentration, although increasing ammonia predue- 
tion, did so to a progressively diminishing degree. 

Experiment 2 was performed in a fashion identical with that of Experi- 
ment | with the exception that /(+ )-clutamic acid was infused in place of 
d-alanine. In order to avoid rapid changes in acid-base balance the glu- 
tamie ack! in the infusions was half neutralized It is apparent that the 
degree of acidosis, the control rates of ammonia excretion, control levels of 
plasma amine nitrogen, and the range of increase in plasma amino nitrogen 
concentration were nearly the same in the two experiments. Yet it is 
equally apparent that the kidney did not utilize /(+ )-glutamic acid for the 
purpose of Increasing ammonia excretion. In fact the rate of ammonia ex- 
cretion remained constant, within the range of accuracy of the experimental 
procedures, throughout the experiment. The data of these two experi- 
ments assume added significance when viewed in the light of the observation 
of Blanchard ef af. (13) that /(+)-glutamice acid is not oxidatively dea- 
minized by /-amino acid oxidase, whereas dl-alanine is so affected by both d 
and / forms of that enzyme present in kidney tissue (12, 13). 

The data obtained in sixteen experiments similar to these presented in 
Table I are summarized in Figs. | to 6. In the upper portion of each figure 
the rate of excretion of ammonia over and above that of the two control 
periods is plotted against the plasma concentration of amino nitrogen. In 
the lower portion the rate of reabsorption of amino nitrogen over and above 
that of the two control periods is similarly plotted against the plasma con- 
centration of amino nitrogen. Thus, in cach pair of graphs values for the 
control periods were arbitrarily set at zero. This appeared to be justifiable 
because of the close agreement between the control observations of the 
several experiments.‘ 

* Preliminary experiments indicated that half neutralization of glutamic and 
aspartic acids produced minimal disturbances of the acid-base balance, i.¢. neither 
expansion nor depletion of the alkali reserve, changes that would have seriously 
disturbed the experiments 

‘The extent of the acidosis in the several experiments was relatively constant ; 
the bicarbonate content of the plasma was maintained within a range of Il to 14 
mu perliter The control values for plasma amino nitrogen were similarly constant 
within limits of 3.5 and 4.6 mg. per cent. Amino acid excretion was negligible in 
control periods of all experiments, and the rate of ammmonia exeretion varied between 
1.060 and 0.000 milliequivalents per minute. 
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In Figs. | and 2 are grouped the data obtained in experiments in whieh 
moncoaminemonocarboxylic acids were administered. Arbitrarily included 
in this group are the data obtained on administration of casein hydrolysate, 
It is evident from the upper graphs of Figs. | and 2 that glycine, dl-alanine, 
i(—)-leucine, and casein hvdrelvsate all significantly increase the rate of 
ammonia excretion in the acidotic dog, glycine and alanine being somewhat 


CASEIN HYDROLYSATE 
o ALANINE 
i(-)LEUCINE 
OF GLYCINE 
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CHANGE IN oy RE ABSORBE 
(MILLIGRAMS MINUTE) 


PLASMA AMINO NITROGEN (MILLIGRAMS PERCENT) 


Fic. 1. Monoaminomonocarboxylic acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amino nitrogen as functions of plasma amino nitrogen 
concentration. Dog 11. 


more effective at all plasma concentrations. The most rapid increase in 
ammonia excretion is effected by moderate elevations in plasma concentra- 
tion, 7.¢. to Sor 10 mg. per cent of amino nitrogen. Further increases im 
the plasma concentration of glvcine and alanine are accompanied by further 
increases In ammonia excretion, but the rate steadily declines and a plateau 
is reached at plasma concentrations of 20 to 25 mg. per cent. Leucine and 
casein hydrolysate tend to produce their maximum stimulating effects on 
ammonia excretion at somewhat lower plasma concentrations. Each of 
these amino acids is subject to oxidative deamination tn vitro in the presence 
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CASEIN HYOROLYSATE 
od | ALANINE 


) LEUCINE 
@ GLYCINE 


4 
PLASMA AMINO NITROGEN (MILLIGRAMS PERCENT) 
Fia. 2. Monoaminomonocarboxylic acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amine nitrogen as funetions of plasma amino nitrogen 
concentration. Dog 6. 


ARGININE -HOL 
LYSINE -HCL 


a. AMINO NITROGEN (MILLIGRAMS PERCENT) 


Fic. 3. Diaminomonocartoxviie acids. Rate of tul ular secretion of ammonia 
and tubular reabsorption of amino nitrogen as functions of plasma amino nitrogen 
concentration. Dog 11. 


cf reral deamirases: glycine by glveine oxidase (11), [(—)-leuecine by 
amino acid oxic'ase (13), and dl-alanine and certain compcnents cf casem 
hydrolysate by both d- and /-amino acid oxidase (12, 13). 
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In the upper graphs of Figs. 3 and 4 are grouped the data obtained jp 
experiments in which the diaminomonocarboxvlic acids, /(-+ }-arginine and 
/(+-)-lvsine, were infused. The change in ammonia excretion following the 


ARGININE 
02 a ile) LYSINE MCL 

x 

323 


PLASMA AMINO NITROGEN (MILLIGRAMS PERCENT) 


hic. 4. Diaminomonocarboxvlie acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amine nitrogen aus functions of nitrogen 
concentration. Dog 6. 


@ \(/)GLUTAMIC ACID 
dL ASPARTIC ACIO 


Q 


02F 


CHANGE IN AMOUNT 
ABSORBED 
GM PER MIN) AMMONIA EXCRE TEO(MEQ PER MIN) 


AMINO- 


RE 
(M 


PLASMA AMINO NITROGEN(MILLIGRAMS PERCENT) 


Fic. 5. Monoaminodicarboxyvlic acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amino nitrogen as functions of plasma amino nitrogen 
concentration. Dog 11. 


administration of these amino acids is negligible. The small increment ip 
ammonia excretion early in both of the arginine experiments is of doubtful 
significance. No change which was out of the range of experimental error 
of the procedure occurred in the lysine experiments. These results agree 
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well with the demonstration by Blanchard ef a/. (13) that the / forms of the 
dibasic amino acids do not undergo oxidative deamination under the in- 
fuence of l-amino acid oxidase. 

In the upper graphs of Figs. 5 and 6 are grouped the data obtained in ex- 
periments In which the acids, acid 
and dl-aspartic acid, were infused. No significant change oecurred in am- 
monia excretion in either glutamic acid experiment. Llowever, the changes 
in the aspartic acid experiments are significant and comparable in magni- 
tude to the effected ith and CASEIN hydrolysate. /- Amine 


GLUTAMIC ACID 
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Fic. 6. Monoaminodicarboxvlic acids. Rate of tubular secretion of ammonia 
and tubular reabsorption of amine nitrogen as funetions of plasma amine nitrogen 
concentration. Dog 6 


acid oxidase does not affect either the dor / forms of the dicarboxylic acids 
in vitro (13). This agrees with the fact that /(+ )-glutamic acid caused no 
increase in ammonia excretion. On the other hand d-amino acid oxidase 
does effect the oxidative deamination of d-aspartic acid in vitro (12); there- 
lore the increased rate of ammonia excretion in the aspartic acid ex- 
periments probably resulted from the oxidative deamination of the ¢ com- 
ponent of the mixture by the d-amino acid oxidase of the kidney. [tf this ts 
80, itis then evident that the correlation bet ween the activity mm vitro of the 
renal enzymes in deamination of amine acids and the stimulation cm rive of 
ammonia synthesis and secretion by those same amino acids ts a pertect one 
for the limited series of amino acids studied. 
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DISCUSSION 


There is evident in the data presented above a correlation between the 
activity of the renal enzymes, glycine oxidase, d-amino acid oxidase, and |. 
amino acid oxidase, acting in vitro on their respective substrates and the 
capacity of these same substrates to enhance ammonia elimination in pigg 
in the acidotie dog. This observation supports the general thesis that 


amino acid oxidases in the kidney of the intact animal are concerned, among — 
other things, with the synthesis and secretion of ammonia and hence plays — 


role in the renal regulation of acid-base balance. 

There has further appeared in these experiments some degree of correlg. 
tion between the capacity of the kicney to utilize an amino acid for the syn. 
thesis of urinary ammenia and the capacity of the renal tubules to reabsorb 
that same amino acid. This correlation is evident on comparing Experi- 
ments land 2ef Table 1. Thus at plasma concentrations of 20 mg. per 
cent some Smg.of amino nitrogen were reabsorbed per minute in the alanine 
experiment, in which the rate of ammonia elimination was more than 
doubled. On the other hand, only 4 mg. of amino nitrogen wer 
reabsorbed per minute in the glutamic acid experiment, in which the rate of 
ammonia elimination remained nearly constant. This correlation is also 
apparent in the graphs of Figs. l to 6. Thus it is evident that glycine and 
alanine, which considerably augment ammonia elimination, are reabsorbed 
by the renal tubules to a relatively greater degree. Leucine, somewhat less 
active in stimulating ammonia secretion, is reabsorbed to a lesser degree. 
Lysine, arginine, and glutamic acid do not increase ammonia production and 
are poorly reabsorbed by the renal tubules. Two obvious exceptions are 
evident. Casein hydrolysate, which is reabsorbed to an extent comparable 
with glycine and alanine, is less effective than either in augmenting 
ammonia secretion; dl-aspartic acid, although poorly reabsorbed, approx- 
mately doubles the rate of ammonia elimination. The reasons for these 
exceptions are not immediately obvious. However, the basis for the cor- 
relation, in so far as one exists, might be found in one of two possible expla- 
nations. First, different physical properties of the various amino acids 
may determine the different rates of penetration of those acids into the cells 
of the renal tubules, both from the tubular urine and the peritubular blood. 
On the other hand, some common chain of intracellular reactions might 
participate in both the processes of tubular reabsorption of amino acid nitro- 
gen and tubular synthesis of ammonia. Since the evidence has implicated 


‘ This correlation by no means implies that the amino acid which is reabsorbed 
is that which is deaminized to form urinary ammonia. The quantity of amino nitro- 
gen reabsorbed always greatly exceeds that which is deaminized in ammonia syt- 
thesis. 
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renal amino acid oxidases in the tubular synthesis and secretion of ammonia, 
it is tempting to assume that these same enzymes are likewise involved in 
the tubular reabsorption of amino acid nitrogen. It has been shown that 
amino acids undergo chemical reactions of a first order type during their 
tubular reabsorption (21). The exact nature of these reactions is obscure. 
However, it would appear logical to assume that amino acid oxidases are 
involved. This assumption is consistent with the fact that deamination is 
a necessary preliminary to most reactions in which amino acids are involved 
(22,8, 23). 

In vitro, the rate of deamination of amino acids by a limited quantity of 
amino acid oxidase is a curvilinear function of the concentration of the sub- 
strate. At high concentrations a limiting rate of deamination is attained 
which is characteristic for each amino acid. Furthermore, rate of deamina- 
tion is directly proportional to enzyme concentration (13). One may note 
in Figs. 1, 2, 5, and 6 that, en vivo, the rate of secretion of ammonia is simi- 
larly a curvilinear function of plasma amino nitrogen concentration, and 
that at high plasma concentrations a limiting rate of excretion is attained 
which is characteristic for each amino acid. It might be assumed that the 
rate of ammonia elimination at high plasma levels of amino acid is limited 
by the rate of deamination of substrate by a fixed, limited quantity of en- 
zyme. Within the limitations of these data this assumption is consistent 
with the observed facts. 

It has heen repeatedly observed that, if a given quantity of acid is ad- 
ministered to an animal each day over a period of several days, the quantity 
of ammonia eliminated in the urine progressively increases with time until 
the ammonia output becomes equivalent to the acid intake (24). This may 
represent a purely functional response of the kidney to progressive depletion 
of the alkali reserve of the body. It may, however, represent a type of bio- 
chemical compensation expressed as an increase in the intracellular concen- 
tration of amino acid oxidase and glutaminase. Suchan increase inenzyme 
concentration might enable the kidney to inerease its ammonia produe- 
tion at normal plasma concentrations of glutamine and amino acid. That 
the plasma concentrations of these two substrates are unchanged in acidesis 
is evident from the work of Van Slyke ef al. (7) on glutamine, and 
the present study on amino acids. 


SUMMARY 


A representative number of amino acids have been administered to acido- 
tic dogs by intravenous infusion. The rate of tubular secretion of ammonia 
and the rate of tubular reabsorption of amino nitrogen have been studied at 
a series of comparable plasma concentrations of each amino acid. It has 
been demonstrated that glycine, dl-alanine, [(—)-leucine, dl-aspartie acid, 
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and a hydrolysate of casem produce an increase in the rate of ammonig 
secretion in the acidotie dog. U(+.)-Arginine, )-lysine, and [(+)-gly. 
tamic acid are without such an effect. It has been shown that the “apacity 
of these amino acids to alter ammonia secrefion in vive is correlated wel 
with their susceptibility to oxidative deamination tn vitro by renal amine 
acid oxidases. This has lead to the conclusion that renal amino acid ox. 

dases are concerned in the living animal with the svnthesis of ammonia hy | 


the kidney and hence play an important réle in the renal regulation of aed. | | 
base balance. It has been further noted that there exists a correlation be. ph 
tween the extent to which an amine acid can increase ammonia secretion col 
and the extent to which that same amine acid is reabsorbed by the rengl cal 
tubules. “The basis for this correlation is not definitely known, but it has pr 
been proposed that either the physical properties of the several amino acids gi 
or a common chain of intracellular reactions might similarly limit both est 
tubular , ol 
BIBLIOGHKAPHY 
‘1. Nash, T. P., Jr., and Benedict, 8. R., J. Biol. Chem... 4, 463 (19021 
2. Walker, A. M., J. Phyatol., 181, 187 (1940 
3. Barnett, G. D., and Addis, T., J. Biol. Chem., 41 
Boliman. J. L.. and Mann. F.C... Am. J. Physiol... %, G2 (1980) che 
Krebs, A. in Annual review of biochemistry. Stanford University, 6, 247 ar 

tliss, J. Pharmacol. and The ray... 40, 
7. Van Sivke, D. D., Phillips, R. A., Hamilton, P. Archibald, R. M_, Futeher, 
and Hiller, A., J. Biol. Chem., 180, 481 (1943) to 
Ss. Schoenheimer, R.. The dynamic state of body constituents, Cambridge (19% bea 
Polomovski, and Boulanger. (Compt rend. Acad... 207, SOS (TORS) =) 
1). Krebs. Biochem. J., 9, 1051 (1085) pr 
Ratner, S., Nocito, V.. and Green, D. J. Biol. Chem... 168, 110 (1044). W 
12. Krebs, H. A., Biochem. J., 29, 1620) (1985) 
13. Blanchard, M., Green, D. Nocito, V., and Ratner, J. Biol. Chem., 188, 2 
(144) th 
14. Bliss. S.. J. Biol. Chem... 187, 217 (1941 tir 
Van Sivke, D. D.. Dillon, R. T., MackFadven, D. A., and Hamilton, P., J. Biol | ce 
Chem., 141, 627 (1941). be 


i6. Hamilton, P. B., and Van Sivke, D. D., J. Biol. Chem., 180, 231 (1043). 

17. Steiner, A.. Urban, F , ane West. S.. J. Biol. Chem., %, 280 (1982) 

IS. Folin, O., and Wu, J. Biol. Chem., S81 

0. Van Slvke, D. D.. and Neill, J. M., J. Biol. Chem., @1, 523 (1024). 

40. Consolazio, W. V., Horvath, 8. M.. and Dill, D. B., Svilabus of methods em- st 
ploved in the Ilarvard Fatigue Laboratory, Boston (145) 

21. Pitts, R. F., Am. J. Phystol., 140, 156 (1943-44) 


22. Peters, J. P., and Van Slyke, D. D., Quantitative clinical chemistry; Interpre R 
tations, Baltimore, 2nd edition, 1, 706 (146). 

23. Virtue, R. W., and Lewis, H. B., J. Biol. Chem., 104, 59 (1934). pt 

24. Gamble, J. L., Blackfan, K. D., and Hamilton, B., /. Clin. Invest., 1, 359 (192 fr 


25). 


if 


)-glu. PREPARATION OF DIPHOSPHOPYRIDINE NUCLEOTIDE* 
a By G. AO LePAGE 
From the MeArdle Memorial Laboratory, University of Wisconsin, Madison) 
| Oxi. (Received for publication, February 21, 1947) 
by | 
acid. | A recent publication by Sumner ¢é a/. (1) discusses the need for a sim- 
» be. plified method of producing diphosphopyridine nucleotide (DPN), a 
tion compound needed in studies of many enzyme systems. These authors 
enal eall attention to the complexity of available methods and present a new 
thes procedure, Which though somewhat simplitied, uses expensive materials and 
ids gives very low vields. The poteney of their preparations is difficult to 
both estimate, since they base it upon an enzymatic assav of the DPN content 


of the veast used as source material, without reference to any standard, 
Data presented for nitrogen, carbon, hydrogen, and phosphorus are not 
those of pure DPN and are acknowledged to be a poor criterion of purity. 
While they present spectrophotometric data for wave-lengths of 210 to 300 
mu With a peak at 260 my these are characteristic of other adenine nu- 
cleotides generally found as impurities in DPN preparations. No data 
ph are given for the absorption of the reduced form at 340 mua. 

It is the purpose of this paper to present a method which has been in 
use in our laboratories for over a vear, during which time it has served 
to supply needs for some 25 gm.of DPN preparations at low cost. Pressed 
4 bakers’ veast appears to be the most generally available and cheapest 
source material.’ A method described by Williamson and Green (2) 
provides a simple means of obtaining a DPN concentrate in good yield. 
Williamson and Green report obtaining, by this method, material assaving 
2! 65 per cent and possessing no phosphorus-containing unpurities. Using 
their procedure either exactly as described or as slightly modified in our 
final method, we consistently obtain preparations assaying 27 to 30 per 
1 cent and containing considerably more phosphorus and pentose than can 
he ascribed to the DPN content. 


Procedure for Crude Preparation 


A vessel containing four liters of distilled water is heated, with mechanical 
- stirring, in such manner that heat is supplied rapidly. When the tempera- 


* This research was aided by « grant from the Jonathan Bowman Fund for Cancer 
Research. 

‘It is important that this be fresh, since veast obtained when 2 days old gave ap- 
proximately twice the vield given by that which had been stored | week in the re. 
frigerator. 

625 


% 

be 


624 DIPHOSPHOPYRIDINE NUCLEOTIDE 


ture has reached 92°, addition of the crumbled yeast is begun. It js | B 
added as rapidly as possible with the temperature maintained at 90-92". pl 
| When 10 pounds of yeast have been added, the heat is withdrawn and the “ 
vessel is immersed in cold water and rapidly cooled to room temperature. : 
The yeast suspension is filtered on Biichner funnels with suction, with | fol 
filter aid such as Hyflo Super-Cel. A pressure filtering device is used for - 
this operation when available The filtrate, 4000 to 4300 mil., is treated th 
with 10 per cent of its volume of 25 per cent basic lead acetate solution. 16 
Pb(OAc).-Pb(OH)2, and the resulting precipitate filtered out and dis. iti 
carded. The filtrate from the lead treatment is adjusted to pl 6.5 with - 
acetic acid, chilled, and 50 ml. of 25 per cent silver nitrate solution stirred fl 
in. The resulting precipitate is permitted to settle in the retrigerater and PS 
the bulk of the liquid decanted off. The slurry is centrifuged in 250 ml. . 
bottles and the supernatant discarded. The silver precipitate is washed - 
three times with successive portions of distilled water, each approximately - 
3 times the volume of the packed precipitate. Washing is carried out ke 

: in the centrifuge bottles. The precipitate is stirred up in 50 to 70 ml. of « 
. water and decomposed with hydrogen sulfide. The silver sulfide is cen- is 
: trifuged, washed once with a small volume of water, and discarded. The - 

supernatant and wash are filtered and aerated free of hydrogen sulfide. _ 
; 5 volumes of cold acetone are added. The resulting precipitate, whieh m 
; contains the DPN, is centrifuged in the cold, the supernatant discarded, 

i: | and the precipitate dried in vacuo over sulfuric acid. The vield at this “ 
; point is 1200 to 1500 mg. of material assaying 27 to 30 per cent DPN, - 
While this amount of material can be carried through the rest of the T 
| procedure with essentially the same recoveries, it is almost as readily D 
carried out with 5 or 10 times as much material. Consequently this erude z 
; preparation is allowed to accumulate before further purification is begun. 

q Procedure for Second Stage of Purification th 
The crude cozymase (10 gm.) is dissolved in 775 mil. of O.1 M acetic acid ee 
: and to it are added 25 ml. of 25 per cent lead acetate, Pb(OAe)., and 2 

r liters of 95 per cent alcohol. The solution is chilled to 0°. The resulting pt 
precipitate is centrifuged and discarded. The supernatant is treated with st 
25 per cent silver nitrate in excess (approximately 50 mil.) and the silver m 
: salt of DPN centrifuged down in the cold. After the precipitate is washed = 
3 once in the centrifuge bottle with approximately twice its volume of - 
; water, it is suspended in 100 to 150 ml. of water. Hydrogen sulfide is = 
; passed in to decompose the silver salt. This decomposition takes only 

; ! a few minutes if one stoppers the bottle and shakes it once or twice during 0 
: the gassing. The silver sulfide is centrifuged, washed once, and discarded. ui 
} ? We have been able-to facilitate greatly this operation with a Sparkler horizontal it 
pressure filter. 
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Excess hydrogen sulfide is aerated off? and the solution is neutralized to 

H 7.0 with sodium hydroxide, care being taken to avoid localized areas 
of high pH. The volume is made up to 400 ml. with distilled water and 
72am. of charcoal’ added. The suspension is shaken or stirred vigorously 
for 20 minutes, then filtered on a fritted glass filter with suction. Experi- 
ments with various ratios of charcoal and DPN demonstrated that under 
these circumstances the DPN is all adsorbed on the charcoal. The char- 
coal is washed, on the filter, with 300 ml. of 2 per cent trichloroacetic acid 
(to remove sodium ions) and with 100 ml. of water. These washes do 
not remove any DPN as shown by complete absence of pentose in the 
filtrates. The washed charcoal is suspended in 360 ml. of a 20 per cent 
pyridine®-SO0 per cent water mixture (volume) and stirred vigorously for 
%) minutes. ‘Then the charcoal is filtered off on the fritted glass funnel 
and the elution repeated. The two eluates are combined and concentrated 
under reduced pressure at 30-35° with a water aspirator. The pyridine 
keeps the pII within safe limits. When the volume has been reduced to 
40 to HO ml. (pH now 4.0 to 4.5), the solution is filtered to remove the last 
traces of charcoal and treated with 6 to 7 volumes of cold acetone. The 
precipitation is best carried out in small, successive portions in a 50 ml. 
centrifuge tube. This minimizes losses due to material adhering to the 
sides of the tube. When it has all been centrifuged down ,* the precipitated 
DPN is dried in vacuo over sulfuric acid. 

The dry material can be scraped from the tube and ground in a mortar. 
Since the material is hygroscopic, it is advisable to dry the powder again. 
The vield is now 3400 to 3800 mg. of white material assaying 63 per cent 
DPN, with consistent 80 per cent recoveries of the DPN originally present 
in the crude material. 

Assay 


Our preparations are first tested in a biological system requiring DPN, 
the malic dehydrogenase system (3). If amounts of the preparations 
corresponding to 50 to 200-7 of DPN are added per Warburg flask, an almost 


‘If at this peint the DPN is precipitated with acetone and dried, the resulting 
preparation ts 54 to 57 per eent DPN and the recovery of the DPN present in the 
starting material is approximately 0) per cent. These preparations, and the starting 
material, both exhibit, in biologieal systems, efleects attributable to traces of heavy 
metals. 

* Norit A decolorizing charcoal proved most suitable. This tends to have alkaline 
salts present in it as received, and it is best to wash it on a Bachner funnel with water 
and air-dry it before use. 

* Even the reagent grade pyridine that we obtain contains small amounts of colored 
material, which all appears in the final DPN preparation unless eliminated. Dis- 
tillation from glass served to remove these undesirable impurities from the pyridine. 

* More centrifuging is required when the DPN reaches higher potency than when 
it is in a very crude state as it was earlier in the procedure. 
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linear response is obtained. Larger quantities can be added to obtain g 
plateau on the oxidation rate. The latter gives an indication as to whether 
a preparation contains traces of heavy metals, since the accumulated 
effect of these is to lower oxidative rates. 

Measurement of the absorption of the reduced form of DPN at 340 my 
as first used by Warburg and Christian (4) appears to be the most precise 
method of assay.’ This was accomplished in our laboratory by use of g 
Beckman spectrophotometer. The details of this assay were worked 
out by Dr. Van R. Potter, with whose permission they are included jn 
this manuscript. 

The assay procedure is as follows: The DPN sample is made up as 4 
| per cent solution. Toa 16 150 mm. tube is added 0.20 ml. of water 4 
0.50 ml. of fresh 1 per cent sodium bicarbonate, followed by 0.10 ml. of 
the 1 per cent DPN preparation (1000 y). 2 ml. of a freshly prepared 3 
per cent solution of sodium hydrosulfite in 1 per cent sodium bicarbonate 
are prepared in a small tube with cautious stirring to avoid aeration. A 
.20 ml. aliquot of the sodium hydrosulfite solution is added to the tube 
containing the DPN sample, mixed in gently, and allowed to stand ® 
minutes at room temperature without further agitation. Now to the 
sample tube are added 9.0 ml. of a 1 per cent sodium bicarbonate-1 per 
cent sodium carbonate solution. The mixture is aerated for 5 minutes to 
remove excess hydrosulfite. Aeration is by means of compressed air 
passed through a water wash. The sample is used to obtain absorption 
at 340 my in the Beckman spectrophotometer. 

A reading can be taken with a second aliquot not receiving the reduction 
treatment. This provides a correction for absorption of the onidized 
form or any impurities. Our final preparations have a negligible absorp- 
tion at 340 my before reduction. Some of the cruder preparations show 
approximately one-tenth as high an absorption before as after reduction. 

For caleulation of the DPN concentration, the constant given in War- 


* The original procedure Was not proposed as an tsasay but has been frequently 
used for assay purposes without its being stated whether the reduction was carried 
out in Warburg flasks with 95 per cent N»-5 per cent CO, in the gas phase. In the 
present procedure the ratio of Na.S-O, to DPN has been increased, the use of the 
gas mixture has been eliminated, and the reaction is carried out at room temperature 
The concentration of Na»S.O, is such that exclusion of oxygen is unnecessary. If 
fresh bicarbonate is used, the pI remains in the correct range of 7.4 to 7.4 during the 
reduction without having 5 per cent CO. in the gas phase. On standing, bicarbonate 
solutions lose CO: and the pil rises to above S00) In this pil range, the reduction 
product absorbs at 340 my but its maximum is at 360 mye and it can be observed visually 
as a Vellow color; it is believed to be the free radical or half reduced compound, and 
unlike the fully reduced compound it is reoxidized by air in the presence of sulfite, 
s0 that the Eye decreases on standing 5). (V RP 
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burg’s review as the average of the best preparations was used (6). The 
value for Ey was given as 1.3 X 10’ em? per mole which converts to 8.5 X 
i em.2 per gm. The By value is about 2 per cent higher than the Eyis 
but the constant has been used as given. On this basis, the concentration 
in micrograms per mi. is given by multiplying the Ey (1 em.) by LES, and 
since the samples are made up at a concentration of 100 per ml. this value 
is also the per cent purity of the sample. 

The following variations in the assay method were found to have no effeet 
on the result: (1) increased amounts of sodium hydrosulfite up to 12 mg.; 
(2) incubation of the sample, after reduction, for 15 to 90 minutes; (3) in- 
cubation at 38° instead of at room temperature (20-25°); (4) washing out 
the sodium bicarbonate solution with 95 per cent nitrogen-5 per cent carbon 
dioxide and bubbling this gas through the samples during incubation; (5) 
variation in the bicarbonate from 0.20 to 0.70 ml.; (6) variation in the DPN 
sample from 0.10 to 0.50 ml.; (7) aeration bevond 5 minutes. 


DISCUSSION 


The preparation of DPN deseribed above requires relatively small quan- 
tities of solvents and depends chiefly upon cheap chemicals, such as lead 
salts and charcoal. ‘The whole procedure can be accomplished within 2 to 3 
days while other work is carried on. The main portion of the work, the 
accumulation of crude DPN by the slightly modified Williamson-Green 
method, can be carried out by undergraduate part time helpers or technical 
assistants with satisfactory results. 

The use of charcoal adsorption has been described for DPN purification 
by Jandorf (7), andl now more recently by Sumner «fal. However, Jandort 
used it earlier in the purification procedure and accomplished elution by 
shaking with an amvl aleohol-water mixture for long periods. We were 
unable to obtain anything approaching complete elution by this means, as 
apparently was the case in the method of Summer ef a/. Procedures in- 
volving fractionations with lead and aleohol have been used by Warburg 
and Christian (4) and by Seblenk (8) for DPN fractionations. 

The criticism has been offered (1) that the speetrophotometrice assay 
would be subject to error because of the possible presence of inactivated 
DPN, which would be measured but have no biologieal activity. ‘The assay 
procedure described here is as applicable to our crude preparations as to our 
best purified material. ‘This is indieated by the relationship between the 
results of spectrophotometrie and biological methods. When potency ae- 
cording to the speetrophotometrie procedure increases 2-fold or more, the 
activity in the biological svstem (malic dehydrogenase) increases propor. 
tionately. 
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SUMMARY 


A relatively simple procedure is described tor obtaining diphosphopyri- 
dine nucleotide from bakers’ yeast in yields of 515 to 715 mg. of preparation 
per 10 pounds of yeast. The preparations are white, amorphous powders 
showing no trace metal effects in biological systems and assaying 63 per cent 
DPN by the measurement of reduced form at 340 mu. A description of the 
assay procedure is included. 


The author wishes to acknowledge the assistance of Dr. Van R. Potter 
who provided both the biological and spectrophotometric assays of our 
preparations. 
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A STUDY OF THE PURIFICATION AND PROPERTIES 
OF RICIN 
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(From the Departments of Neurology and Medicine, College of Physicians and Surgeons, 
Columbia University, the Neurological Institute, and the Presbyterian 
Hospital, New York) 


(Received for publication, February 26, 1047) 


Ricin, the highly toxic, hemagglutinating protein of the castor bean, 
has always been of great interest to the chemist and the immunologist 
(1-4), partly because it may readily be obtained in considerable quantities. 
Earlier methods of preparation were carried out before the development 
of modern physicochemical and immunochemical methods for character- 
izing proteins and data are therefore lacking on the purity and homogeneity 
of the products obtained. 

In the present report a summary is given of a portion of a study carried 
out during 1943 45 in consultation and collaboration with other laboratories 
engaged in parallel investigations which, it is hoped, will soon be published. 
Since results and materials were freely exchanged, some of the data in- 
cluded here were obtained on material from other laboratories, as in- 
dicated in the text. 


EXPERIMENTAL 


Purification of Ricin—A partially purified sample of ricin (Lot A) was 
supplied by Dr. O. H. Alderks of The Procter and Gamble Company. 
It had been prepared according to Dr. A. H. Corwin of Johns Hopkins 
University by extraction of pressed castor beans with water at pH 3.8, 
precipitation of the toxin by saturation with sodium chloride, solution of 
the precipitate in water, and reprecipitation at pH 8 by saturation with 
sodium sulfate. Most of this material was obtained from castor beans 
without selection as to color. Other samples which had been prepared 
from white, gray, reddish gray, or black beans were identical in all prop- 
erties examined. 

7.5 gm. of Lot A were dissolved in water and the insoluble matter was 
centrifuged off (71 mg. of N). The solution and washings (650 mg. of N), 
at a volume of 300 ml., were treated with NaSO, solution saturated at 
37°. Precipitation was interrupted after 175 ml. had been added. The 
precipitate (Fraction Bl) was centrifuged off and the supernatant treated 
with an additional 95 ml. of warm saturated Na,SO, solution. The pre- 
cipitate (Fraction B2) was centrifuged off, leaving in the supernatant Frac- 
tion B38 which was precipitated by saturation with Na,SO,. Fractions B1 
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and B2 were each dissolved in water and freed from insoluble material. Frage. 
tion BI was reprecipitated twice from a volume of 150 mil. by addition of 87,5 
ml. of warm saturated NasSO, solution. The material in the supernatants 
from these reprecipitations was designated Fraction BU. Fraction B2 was 
not further purified. Fraction B3 was taken up in a small volume of water 
and freed of a small amount of toxin (Fraction B3a) by addition of 45 per 
cent by volume of saturated Nad solution, leaving the supernatant, 


Taste 
Fractionation of Lot A by Sodium Salfat 


Fraction Bi Fraction Bi’ Fraction B2 Fraction Bia 

lalp,* degrees — 28 ~ $2 — $2 — 30 

Minimum hem. 03 0.3 0.3 | Jom 
agglutinating 

dose, 
Intraperitoneal toxicity for mice 
N injected 
| 
0.01 Oat os | 0/3 
0.1 3/3 <06 hres. 33/3 hrs l/3 <0 hrs. 

3/2 <24 13/2<24 “ (3/3 <TOhes. 3/3<45 “3 

10 3 (3/38 <20 * 3/3 <20 0/3 

100 0/3 

1000 0/3 


* Optical rotation calculated for protein = N XK 6.25 
+ The number of deaths within 10 days to the number of mice injected. 
t Longest life period of any mouse which succumbed 


Fraction B3b. Yields, optical rotation, hemagglutinating power, and 
toxicity for mice are given in Table I. It is evident that most of the 


toxin was concentrated in Fraction B1, which showed the lowest specific © 


rotation. Fraction B38b, which contained about 30 per cent of the original 
soluble N, had less than 0.0001 of the toxicity of Fraction Bl and was 
readily dialyzable through cellophane membranes. 

The toxicity of the fractions was estimated by intraperitoneal injection 
of 0.5 ml. of 10-fold serial dilutions of solutions standardized on the basis 
of nitrogen content. Female mice weighing 20 + 3 em. were used, three 
being injected with each dilution. Death or survival for 10 days was used 
as the end-point. | 
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The hemagglutinating potency was measured as the minimum quantity 
of nitrogen giving definite agglutination (+) of 0.2 ml. of a 4 per cent 
suspension of washed human group O erythrocytes. All tests were carried 
out in a volume of | ml. and were read alter incubation at 37° for 1 hour. 

Crystalline Riein—Ricin was obtained in crystalline form by Kunitz! 
and also by Cannan. Samples of three or four times erystallized material 
were made available through the courtesy of Dr. R. K. Cannan, Dr. M. 
Levy, and Dr. A. FE. Benagha of New York University. 

Characterization of Crude and Purified Ricin—A comparison of the 
properties of crude ricin (Lot A), of Fraction B1, and of erystalline ricin 
is given in Table I]. Both Fractions Bl and erystalline ricin showed a 
lower optical rotation than did the crude ricin; they were both eleetro- 
phoretically and ultracentrifugally homogeneous, while Lot A showed two 
components in the ultracentrifuge and three components by electrophoresis. 
From sedimentation and diffusion, Fraction Bl was found to have a 
molecular weight of roughly 85,000 for a partial specifie volume of 0.75. 
The sedimehtation constant of crystalline ricin was slightly lower, leading 
toa molecular weight of 77,000, a value not considered significantly differ- 
ent from that of Fraction Bl, since precise temperature control was not 
possible during the measurements of sedimentation. From these data a 
frictional ratio, f f,, of 1.2 was found for Fraction Bl and the cystalline 
product, indicating a ratio of length to width of about 4 or 5 for a ey- 
lindrical or ellipsoidal shape and an unhvdrated molecule. The mobilities 
of Fraction BL and erystalline ricin were determined over a pH range of 4.0 
to 8.5. The respective isoelectric points were caleulated as 5.2 and 54 to 
5.5, values that were practically the same. 

A more precise comparison of the toxicity of these preparations was 
obtained by determining the minimum quantity of nitrogen (1 toxie unit) 
necessary to kill a 20 gm. mouse in 24 hours (modification of a method 
deseribed by Dr. A. H. Corwin’ of Johns Hopkins University). Ten mice 
were used for each sample to be assayed. Assays were carried out at 
New York University and at the University of Chicago through the courtesy 
of Dr. R. K. Cannan. Data in Table I indicate that samples of Lot A 
and Fraction BI were only one-third and two-thirds as toxie as crystalline 
nicin. 

The hemagglutinating potencies of Lot A and Fraction Bl were about 
the same within experimental error, 0.3 y of N giving minimum agglutina- 
tion of 0.2 ml. of a 4 per cent suspension of washed human erythrocytes 
when the tests were carried out in saline. The hemagglutinating power of 


Kunitz, M., personal communication. 
* Cannan, R. K., personal communication 
* Corwin, A. H., personal communication. 
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Taste Il 
Properties of Ricin Preparations 


Lot A | Fraction Bi Crystalline ricig 

lalp, degrees | —28to-3 | 
Sedimentation constant, A, | 5.1 (67°) §.3° (100°) 4.8 (100%) 

and relative concentrations | 0.8 3%) | 

of components | | 
X 10? per sec. | 6.0 
Mol. wt.? | 55000 77 000§ 
S/fe 1.2 | 1.2§ 
Approximate ratio of length | | 4-5 4-5 

to width’ | | 


pH 
S.5 —1.0 | 

—4.1 (4%) | (Trace) 
| —1.3 (96%) | —1.2 (100%) —1.0 (100%) 
—3.5 (4%) 
6.05 =—0.6 (100%) | (100%) 
5.0 | (100%) 
4.9 +0.2 (100° >) 
1.0 +2.1 (100%) 
Isoelectric point, pH | §.2 | 5.4-5.5 


Minimum hemagglutinating 


dose, y N 
In saline 0.3 0.3 3-5 
** 1:100 normal rabbit 0.3 0.3 | 0.5 
serum | 
Toxic unit per 20 gm. mouse, 0.76 0.40 | 0.25 
y NE | 
Crystalline ricincontent from 33 63-07 


toxicity data, i.e. toxic N © 


Quantitative precipitin reaction with 1.0 ml. 1:20 pooled rabbit anti-Fraction 


Bl serum 
N added | Extinction (Folin-Ciocalteau) of 1.0/2.8 mi. aliquot of 
05 0.067 0.1038 | 0.09 
0.117 0.175 0.175 
2 0.206 | 0.36 0.335 
3 0.276 0.51 | 0.47 
5 0.43 ) 0.70 | 0.68 
7.5 0.593 O.S4 0.87 
10 0.71 0.97 0.93 
15 0.79 
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Il—Concluded 


N added Estinction ml aliquot of 

N to give extinction of 06,7 7.6 1.0 | 40 
Immunologically active ricin | 100 | 

in preparation, “> | 
Detoxified N in preparation, 20 33-37 ur 

Tott | | | 

* Average of 5.3,5.4,5.2, and 5.1 for several preparations at concentrations of 0.77, 
0.53, 0.50, and 1.05 mg. of N per ml. At 2.0 mg. of N per ml. S was 5.0. ‘ 


t Average of 5.98 and 6.08 for two preparations, corrected to two significant figures. 
¢ Fora partial specific volume of 0.75. 

§ The diffusion constant is assumed to be the same as for Fraction BI. 

] From f/fe, for cylindrical or ellipsoidal shape. 

€ Determined at the University of Chicago. 

** Assumed. 

tt Immunologically active ricin minus crystalline ricin content from toxicity data. 


erystalline ricin, however, was found to be only about one-tenth that of 
Fraction Bl. Gilman and Phillips' observed that addition of normal 
serum increased the hemagglutinating potency of crystalline ricin. This 
was confirmed (Table II). By fractional precipitation with acetone it was 
found possible to obtain fractions with as little as one-fortieth of the hemag- 
glutinating power of Fraction Bl. Addition of serum or of 0.5 per cent 
of formalin restored hemagglutinating potency. These data suggest that 
hemagglutinating power, while a characteristic of ricin itself, is influenced 
by the presence of other substances. 

Antisera to Fraction Bl and to erystalline ricin were prepared by im- 
munization of rabbits with a formalinized toxoid prepared as follows: 
A solution containing 0.5 mg. of N of Fraction Bl per ml., buffered at 
pH 7.4 with 0.02 mM phosphate and 0.15 m NaCl and containing 0.5 per 
cent formalin (1 part of 37 per cent formaldehyde solution to 200 parts of te 
buffered ricin solution at pH 7.4), was kept at 37° for 5 days (in some | 
instances 5 per cent formalin was used). This procedure resulted in 
about a 100- to a 1000-fold reduction in toxicity when 0.5 per cent formalin te 
was used, and about a 1000-fold reduction in toxicity with 5 per cent for- a 
malin. Complete detoxication could not be obtained with formalin, as : 
had previously been reported by Heymans (5). Marked less of antigenicity 4s 
occurred with formalin at pH 8.5 and above. Before use, the formalinized if 
toxoid was precipitated by addition of enough 1 per cent alum to insure &g§ 
maximum flocculation. Because of the incomplete detoxication and the 
extreme susceptibility of the rabbit to ricin it was found necessary to 


* Gilman, A., and Phillips, F. 8., personal communication. 
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give each rabbit subcutaneous injections of 2.5, 5, and 5 y of toxeid X 
at 5 day intervals to induce some immunity before intravenous injections 
were started. Each rabbit then received four intravenous injections 
weekly for 4 weeks, as follows: two injections of O.OL mg. of N, two of 
0.03, four of 0.05, four of 0.15, and four of 0.50 mg. of toxoid N. Rabbits 
were bled by cardiac puncture 5 davs after the last injection. A later 
course of Intravenous injections could be given with 0.5 or | mg. of XN 
per injection. The animals became so resistant to the toxic effects of 
ricin that immunization could be continued with equal doses of an alum 
precipitate of undetoxified ricin. 

Antiricin sera may be standardized by measuring their capacity to 
neutralize the toxic effects of ricin on intraperitoneal injection into mice 
or by assay of their inhibition of the hemagglutinating power of ricin. 
Assays of the potency of a large number of rabbit antisera and of several 
horse and goat antisera by both methods gave parallel results within 
experimental error, providing strong support for the concept that hemag- 
glutinating power and toxicity are properties of the same protein molecule, 

A comparison of the immunochemical properties of Fraction BI and 
crystalline ricin was afforded by determination of their relative capacities 
to precipitate with rabbit antiricin sera. These analyses were carried 
out by addition of increasing amounts of a given preparation of ricin to a 
measured volume of antiserum. After 1 hour at 37° and 1 week in the 
ice box the precipitates were centrifuged off, washed twice in the cold 
with saline, dissolved in water with the aid of 1 or 2 drops of 0.5 ~ NaOH, 
and made up to 2.6 ml. Aliquot portions were analyzed by a modification 
of the Folin-Ciocalteau tyrosine method as described by Heidelberger 
and MacPherson (6). Extinction readings in the photoelectric colorimeter 
plotted against the amounts of antigen nitrogen used gave a smooth curve 
up to the point of complete precipitation of antibody. The curves obtained 
with different preparations of ricin could be compared with respeet to 
their capacities to precipitate antiricin by determining the ratios of the 
amounts of antigen required to give the same extinction. From Table II 
it is evident that equal amounts of Fraction B1 or crystalline ricin nitrogen 
were of equal potency, within experimental error, in precipitating antinein 
from an antiserum to Fraction Bl. Similar results were obtained with 
an antiserum to crystalline ricin. The extinction values obtained with 
equal amounts of Lot A, however, were uniformly lower. Comparison of 
the amounts of Lot A and of ervstalline ricin or Fraction BIL nitrogen re- 
quired to give an extinction reading of 0.6 indicates that 7.64 of N of Lot A 
were required in contrast to 4.0 of of fraction BI or erystalline riem. 
With respect to its content of material immunochemically reactive as riem, 
Lot A would be only 4.0/7.6 or 53 per cent pure. Comparisons made at 
any extinction reading in the antibody excess range may be used. 
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After removal of the specific precipitates, supernatants were divided 
in half and tested for the presence of antibody or antigen. With the 
antiserum to Fraction Bl as well as with antiserum to crystalline ricin, 
it was found that a given supernatant did not contain both antigen and 
antibody, even when crude products such as Lot A were used. Super- 
natants contained excess antigen or antibody, and in some instances 
neither antigen nor antibody could be detected. As demonstrated by 
Kendall (7), this provides strong evidence that the antisera contained only 
antibody to a single antigen, in this instance antibody to crystalline ricin 
or its immunological equivalent. 

Although ervstalline ricin and Fraction Bl were immunochemically 
identical on a nitrogen basis, in addition to having the same electrophoretic 
and ultracentrifugal properties within experimental error, Fraction Bl was 
only about two-thirds as toxic as crystalline ricin. This was taken to in- 
dieate that a portion of the ricin in Fraction Bl was non-toxic. Lot A 
also contained more ricin (53 per cent) by immunochemical analysis than 
could be accounted for by toxicity assays. A number of other crude 
ricin-containing fractions were analyzed by both methods and, in each 
instance, it was found that about one-third to one-half of the immuno- 
chemically measured ricin was non-toxic, 

Accordingly, it was considered of interest to try to establish whether 
this non-toxic form of ricin existed in the intact castor bean or whether it 
was a result of chemical treatment in the course of purification. A number 
of different extracts of castor beans were assayed for their content of 
material immunochemically reactive as ricin and by Dr. A. E. Benaglia 
lor toxicity and heat-coagulable protein. The results are given in Table 
Ill. Samples 272 and O were obtained from intact castor beans. The 
hulls were removed and an aqueous extract was prepared. Samples 217, 
218, and M. were extracts of castor beans pressed to remove oil; Sample 
217 had been defatted with carbon tetrachloride-petroleum ether. In all 
instances, even in the aqueous extracts of shelled castor beans, ratios of 
toxic N to immunologically reactive N ranged from 0.46 to 0.64, indicating 
the presence of considerable non-toxic ricin. In these extracts the im- 
munologically active nitrogen accounted for most of the heat-coagulable 
protein, 

Since crystallization effects a separation of the toxic and non-toxic 
forms of ricin, it could be anticipated that the mother liquors, after removal 
of as much crystalline ricin as possible, should contain a lower proportion 
of toxie N to immunologically reactive N than the crude products. Sample 
216, obtained from Dr. R. K. Cannan, Dr. M. Levy, and Dr. A. E. Benaglia, 
was such a mother liquor. ‘The data in Table III show that the ratio of 
toxic to immunologically active N in this product was only 0.32, as com- 
pared with values of 0.46 to 0.64 for the unfractionated samples. 
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Estimation of immunologically reactive N by the quantitative precipitin 
method has been useful in following enzymatic digestion of ricin by pepsin 


Tasre Ill 


Correlation of Immunologically Active and Toxic Nitrogen in Ricin-Containing 
Crude Fractions of Castor Beans 


Sample No. | 1s | M | 216 (Crystal 
| | | | | line ricia 
Total N, mg. per ml. | 3.38) 1.14 | 4.46] 5.38 | 12.35 
Coagulable N, mg. per ml. 0.92 1.58 | 0.72 | 2.04 | 10.32 


(27%) (23%) | (BAG) | (26%) (38%) | (84%) [100% 


T.u.,*y N per20gm.mouset,; 2.2.) 2.6 2.6 | 2.6 134 0.35 
erystalline (5.5 BA IS | 21 (100% 


100 X 
t.u., sample 


= © toric N 


Quantitative precipitin reaction with 1.0 ml. 1:20 pooled rabbit anti-Fraction 


serum 
N added Extinction mil. aliquot of 

0.5 | | 0.09 
l 0.175 
2 | 0.335 
2.5 0.101 | 0.113 | 0.135 | 0.119 | 0.113 | 0.315 

3 0.47 
5 0.226 | 0.255 | 0.243 0.233) «0.228 | 0.538 | 0.68 
7.5 0.328 | 0.350 | 0.368 | 0.204 | 0.373 | 0.705 | O87 
10 0.429 | 0.48 | 0.47 0.42 | 0.475 | 0.81 | 0.% 
15 0.581 | 0.62 | 0.63 | 0.545 | 0.575 | 0.97 
20 0.695 | 0.74 | 0.735 | 0.655 | 0.735 |) 1.14 
30 0.84 | 0.89 | 0.895 | 0.805 | 0.80 | 1.30 
40 0.98 | 1.07 | 1.04 | 0.95 | 1.05 | 1.40 

N to give extinction of 0.6, 7 15.5 M5 i4 We dad 6.0 4.0 


Immunologically active N, 25 ‘28 28.5 2s i) 1003 
© of total N | | | | 

Ratio, toxic N to immuno- | 0.62 | 0.48 10.57 | 0.64 | 0.32 (120 
logically active N | 


0.46 


* Toxicity unit. 
+ Determined at New York University. 
t-Assumed. 


and trypsin. Digestion of ricin by pepsin at pH 4 or by trypsin at pH 74 
or 8.5 was found to take place slowly, 1 to 2 weeks being required for the 
appearance of 40 to 50 per cent of products of low molecular weight. The 
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data in Table IV show that the disappearance of substance immuno- 
chemically reactive as ricin corresponded closely to the appearance of 
material of low molecular weight and to loss of toxicity. 


Taste IV 
Digestion of Crystalline Ricin by Pepsin and Trypsin 
Total N precipitable by Peptic digest | Control | Tryptic digest | Coatrol 
Trichloroacetic acid, % 47 100 
Half saturation with Na;SOQ.,%| 47 100 56 98 
Non-dialyzable N, “> 58.5 100 


Quantitative precipitin curves of digested and untreated materials with 1.0 ml. 
1:20 dilution of pooled rabbit antiricin serum 


Nadded | Extinction (Folin-Ciccalteau) of 1.0/2.5 ml. aliquot of solution of washed ppt. 
| | | 
| 0.088 0.14 0.003 0.193 
2 0.305 0.192 0.384 
4 0.302 0. 56S 0.368 0.65 
0.40 0.75 0.406 0.825 
0.56 O.S75 0.613 
10 0.68 1.08 0.715 1.10 
15 1.15 0.87 1.19 
20 | 0.99 1.22 
N to give extinction of 0.6, y | 8.8 4.0 7.7 3.9 
Immunologically active N,°, 46 100 51 100 
Toxicity for mice 
0.05 y N injected 1/36days| 3/3 < 45- 
05 hrs. 
2/3 < 70, 3/3 < 45- 
05 hrs. 70 brs. 


After dialysis of the digested samples the non-dialyzable N showed 93 per cent 
of the precipitating power of crystalline ricin with antiserum. 


DISCUSSION 


By fractional precipitation with sodium sulfate it is possible to obtain 
a highly toxie protein (Fraction B1) which is electrophoretically, ultra- 
centrifugally, and immunochemically homogeneous, and identical by 
these criteria with samples of crystalline ricin.’:? However, Fraction B1 is 
only two-thirds as toxic as the crystalline product. Assays were made of 
a variety of crude extracts of castor beans and of partially purified products 
for toxicity and for material immunochemically identical with ricin. 


These showed that there was uniformly less toxic nitrogen present than 
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immunologically active ricin nitrogen. The amount of substance im- 
munochemically identical with ricin acccunted for mest, if not all, of the 
heat-coagulable protein in these materials. It may, therefore, be inferred 
that the castor bean contains two proteins, one of which is toxie, the 
other non-toxic, but which are immunochemically, ultracentrifugally, 
and electrophoretically identical. The toxie ricin in the castor bean ex. 
tracts and in purified products, including Fraction Bl, accounts for about 
one-half to two-thirds of the total ricin. It is possible that further 
studies at various stages in the development and germination of the castor 
bean might throw light on the relationships and mode of formation of 
toxic and non-toxic ricin. 

The quantitative precipitin method could not be used to standardize 
antiricin sera on the basis of their content of specifically precipitable 
nitrogen, since ricin was found to precipitate normal serum protein as well 
as other proteins. The washed specific precipitates from antiricin sera 
consisted of ricin, antiricin, and coprecipitated normal serum protein, 
but this did not interfere with the use of calibration curves of antiricin sera 
for the estimation of the amounts of total ricin in various preparations. 

Alternative possibilities to the existence of toxie and non-toxic ricin in 
the non-crystalline preparations have been considered but were rejected 
as contrary to the evidence. For example, if it is assumed, that, although 
crystalline ricin precipitates the same amount of total nitrogen from 
antisera as does the less pure Fraction B1, the precipitate consists of more 
antibody and less non-specific protein, as might be expected, the antibody 
would be exhausted by less crystalline ricin than by Fraction Bl. Actually 
the equivalence zone is found at the same level of added antigen in both 
instances. This also disposes of the possibility that crystalline ricin 
precipitates less antibody and more non-specific protein. 

These studies provide an additional instance of the value of quantitative 
immunochemical methods, especially when used in conjunction with 
other physicochemical and biological techniques, in the characterization 
and estimation of proteins (for other studies cf. (8-10)). 


SUMMARY 


1. Highly toxic, hemagglutinating preparations of ricin can be obtained 
by fractional precipitation with sodium sulfate. These products are 
electrophoretically, ultracentrifugally, and immunochemically homogeneous 
and identical’ in these respects with crystalline ricin, but are only two- 
thirds as toxic. The toxie and non-toxic forms can be separated by erys- 
tallization. 

2. Immunochemical and toxicity assays of crude extracts of castor beans 


indicate that these contain both forms of ricin. 
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3. Ricin found to have “un of abn ut 5.2 to 5.5 and 
molecular weight by sedimentation and diffusion of about 77.000 te 


85,000 for an assumed partial specifie volume of 0.75. 
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THE APPLICATION OF FLAME PHOTOMETRY TO SODIUM 
AND POTASSIUM DETERMINATIONS IN 
BIOLOGICAL FLUIDS* 


By RICHARD R. OVERMAN anp A. kK. DAVIS 


(From the Department of Physiology, University of Tennessee 
College of Medicine, Memphis) 


(Reeeived for publication, January 3, 1947) 


The need for a rapid, accurate method to determine quantitatively Na 
and K present together in biological fluids has been met by the procedures 
to be described. The necessity of separating these elements prior to their 
determination by the various chemical methods usually employed has led to 
procedures which are often prohibitively tedious and time-consuming. 
The recent development of flame photometry has now made possible physi- 
cal methods of analysis in which chemical separation of Na and K is 
unnecessary (1, 2). 

Although we are dealing with Na and K determinations only, the 
principle of flame photometry originally used by Lundegardh (3-5), and 
modified and called the air-acetylene flame method by Cholak and Hubbard 
(6), can theoretically be applied to the determination of all the alkaline 
metals. At present the available commercial instruments employ a rela- 
tively low temperature flame which activates the ions rather than the 
metals themselves; the sensitivity of the photocells is such that the lines of 
the metals themselves would not be of sufficient intensity to measure, and 
suitable optical filters for other metals are not readily available. 

The present report concerns the use of the Perkin-Elmer flame photo- 
meter (model 18)' in sodium and potassium determinations on blood, 
plasma, red blood cells, and urine. 


Materials and Methods 


The Instrument—The model 18 Perkin-Elmer flame photometer? was 
developed primarily for use in industry when rapid and accurate Na and K 
determinations on inorganic solutions are desired. ‘The instrument consists 


* The work deseribed in this paper was supported by a grant from the United 
States Public Health Service. 

‘Manufactured by the Perkin-Elmer Corporation, Glenbrook, Connecticut. 

* Development of flame photometry to the point of commercial manufacture of a 
laboratory instrument was carried out at the Stamford Research Laboratories of the 
American Cyanamid Company. The instrument used in these investigations was 
designed by the Perkin-Elmer Corporation to meet the demand of investigators who 
had used or heard of the instrument developed at the American Cyanamid Company. 
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essentially of (a) an aspirator and atomizer operated by compressed air, 
(b) a modified Meeker burner, (¢) two photocells with filters, (¢) an ampli- 
fier, and (¢) a galvanometer. Solutions are aspirated and atomized at a 
steady rate, rise into the flame of the burner where the elements are heated 
to incandescence, and the amount of light emitted at particular wave. 
lengths is measured by a null point galvanometer (1). The light to the Na 
photocell passes through an optical filter whose highest per cent trans- 
mission is 5844 A (5465 to 6500 A), while the It photocell is covered by 4 
filter whose peak transmission is 7716 A (7000 to 9240-4 


1) Calibration chart for Na (Oto 100 in the presence of O to 100 pop om, 
ot hk. 


In practice the instrument is first calibrated with solutions of known ionic 
-trength covering the range of concentrations expected in the unknown 
olutions. Thus the zero point of the vernier controlling the null point 
galvanometer may be set with distilled water and the LOO per cent point 
with a solution containing 100 parts per million (QOL mg. per cent) of Na 
by weight. By making determinations on known solutions between these 
two points, calibration curves are constructed (Figs. | and 2) covering the 
range of concentrations expected in the unknown solutions to be tested. 

Although with suitable calibrations a concentration of Na as high as 
10,000 p._p.m. (1 mg. per cent) can be determined, actual experience has 
revealed that the most satisfactory results are obtained on solutions eon- 
tuining less than 100 p.p.m.each of Na and K (1). Consequently, dilutions 
of blood, plasma, red cells, and urine are necessary before determinations 
are made. 


* Fraser, W. A., personal communication. 
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Since the presence of a high concentration of one element may affeet the 
readings made on another element, it is likewise important to use solutions 
for calibrating the instrument which contain approximately the same 
relative amounts of Na and K as are to be expected in the unknown. — In 
this regard, it has been shown (7) that a solution containing 1000 p.p.m,. of 
Na will give a deflection amounting to 3 p.p.m.on the Kh photocell, while a 
solution containing 1000 p.p.m. of WKowill give a galvanometer cefleetion 
corresponding to 0.2 p.p.m. on the Na photeeell. At the ecncentrations 
ef Na and K encountered in the procedures to be described, these errors 
are almost negligible; nevertheless it has seemed advisable to prepare the 
standards with this interference in mind. 


Fie. 2. Calibration chart for te 100 in the presence of 0 to 100 p.p.m. 
of Na. 


Betore each unknown solution is run through the instrument, the zero 
point and the 100 per cent point are checked with the standard solutions. 
It has been found that running an “intermediate standard” (/.¢.. some 
solution of known concentration between 0 and 100 per cent) is an ad- 
ditional cheek on the accuracy of the calibration. 

The error encountered in flame photometric determinations on biological 
fluids is due to the fact that runs are made on diluted samples and een- 
sequently the small machine error (1 or 2 p.pam) must be multiplied by 
a relatively large dilution factor (usually a factor of 5 or 6). However, 
operation of the instrument in the manner described and making multiple 
(three or five) readings on each unknown will produce results which have 
an aecuraey of +4 per cent of the total amount of Na present and +3 
percent of the total amount of K present (Table 1). Thus, the aeeurney 
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of the flame photometric determinations of Na and K in blood, plasma, 
and urine approximates that of the microchemical methods (8). Owing 
to the introduction of the dilution factor in magnifying the machine error. 
it will be apparent that the recoveries of small amounts of added Na, 
for example, from relatively large amounts already present (Table I, 
first line), will result in sizable recoveryerrors. The solution of this problem 
may lie in “internal standard” flame photometry as described by Berry, 
Chappel, and Barnes (2). 


I 
Recovery of Na and K from Dog Plasma by Flame Photometry 


The results, expressed in mg. per 100 ml., are the averages of fourteen deter. 
minations. 


Present | Added Total | Found | 

367 8 375 | 375, 368,368,354,361 | 365 | —2.68 
367 32 399 | 394,396, 400,425,413 406 | 41.75 
367 98 465 451, 473, 465, 451, 413 47 | 
367 168 535 550, 538, 562, 535, 444 545 41.87 
367 | 588 | 600, 626, 575, 581,585 | 503 $0.85 
Potassium 

7.7 24.3 32 31.3, 30.6, 30.6,31.3 | 31.0 | —3.13 
17.0 81 98 91, 103, 101, 94 | 9 ~1.02 
17.0 148 165 163, 168, 172, 163 | 167 41.21 
17.0 205 229 231, 228, 231, 228 | 239 43.15 
17.0 253 270 981, 281, 281 (81 £4.07 
17.0 333 350 362, 362, 356 360 42.86 


The accuracy of reading the instrument, and consequently the accuracy 
of the determination, can be improved further by decreasing the ratio 
between the concentration and the scale (vernier) reading. ‘Thus, if a 
solution contaming 50 p.p.m. is used to set the zero point and one con- 
taining 80 p.p.m. is used to set the 100 per cent point (range setting), 
each of the 100 scale divisions will equal 0.3 p.p.m. instead of 1 p.p.m. 
as is the case when the zero is set with distilled water (0 p.p.m.) anda 
100 p.p.m. solution is used to set the 100 per cent point. By thus reducing 
the concentration-seale division ratio, the accuracy can be increased to 
+3 per cent of the amount of Na present and +2 per cent of the amount 
of K present. 
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Preparation of Standard Solutions 


The primary standards for flame photometric analysis are prepared 
by making separate solutions of sodium and potassium of 1000 p.p.m. 
concentration by weight. These solutions are diluted before use to the 

per concentrations in the following manner. 

For whole blood, 10 ml. of the sodium standard plus 10 ml. of the potas- 
sium standard are diluted to the mark in a 100 ml. volumetric flask. 

For plasma, the standard for whole blood is used for the sodium determi- 
nation. For the potassium determination 5 ml. of the potassium standard 
plus 30 ml. of the sodinm standard are diluted to the mark in a 100 ml. 
volumetric flask. 

For red blood cells, the standard for whole blood is used for potassium. 
For sodium, 5 ml. of the sodium standard plus 50 ml. of the potassium 
standard are diluted to the mark in a 100 ml. volumetric flask. 

For urine, any one of the standards may be employed (depending on 
how dilute the urine is) with the provision that the standard must contain 
a higher concentration of the element being determined. 


Preparation of Samples 

Plasma—2 mil. of plasma are diluted with 20 ml. of distilled water and 
the proteins precipitated by slow addition of 3 ml. of 20 per cent trichloro- 
acetic acid. The precipitate is removed by centrifugation and a portion 
of the supernatant (20 ml.) is run through the flame photometer to de- 
termine the K concentration. Since normal plasma contains between 
315 and 345 mg. per cent of Na and but 16 to 22 mg. per cent of K, and 
since the presence of large amounts of Na affect the K readings (but not 
vice versa), calibration of the instrument, as noted above, must be based 
on solutions containing similar relative proportions of these ions. In 
practice, the calibration curve used for K in plasma is constructed from 
readings on solutions containing between 0 and 300 p.p.m. of Na and 0 
and 50 p.p.m. of K (Fig. 3). At the dilution of plasma used, the seale read- 
ings lie between 20 and 35, which represents between 13 and 20 p.p.m. of K. 

5 ml. of the supernatant are further diluted to 25 ml. with distilled water 
and the determination of Na is made on the resulting solution. The 
Na determination in plasma is based on a calibration curve obtained on 
solutions containing from 0 to 100 p.p.m. of Na and 0 to 100 p.p.m. of K. 
In the dilution used, the scale readings for plasma Na lie between 57 
and 70, which corresponds to concentrations of from 52 to 62 p.p.m. 
of Na in the diluted unknown. 

Whole Blood—2 ml. of heparinized blood are diluted with 20 ml. of 
distilled water with a consequent laking of the red blood cells. The 
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protein is precipitated by the slow addition of 5m. of 20 per cent trichloro. 
acetic acid and the precipitate is removed by centrifugation. LO ml. of the 
supernatant are diluted to 50 ml. with distilled water and both Na and K 
are determined on the resulting solution. Since whole blood contains 
approximately equal concentrations of Na and Kk, the calibration curve 
in this case is based on solutions containing between O and 100 ppm. 
of Na and 0 and 100 p.p.m. of Kk. In the dilution of whole blood used, 
scale readings for Na lie between 20 and 45, corresponding to between 
15 and 40 p.p.m. of Na, while the seale readings for Kh lie between 30 and 
40, corresponding to between 20 and 35 p.p.m. of IN in the diluted unknown, 


bia. 3. Calibration chart for (0 to 50 p.p.m.) in the presence of 0 to 300 
of Na. 


Red Blood Cells—Erythroeytes are separated from plasma by repeated 
centrifugation at 3000 R.p.M. for a total of | hour. The plasma and the 
top laver of red cells are removed by a suction pipette and 1 ml. of red 
cells is pipetted trom the bottom of the centrifuge tube and is diluted 
and laked with 20 ml. of distilled water. The protein is precipitated by 
the slow addition of 3 ml. of 20 per cent trichloroacetic acid. The pre- 
cipitate is removed by centrifugation and Na is determined on the resulting 
supernatant. By this method normal human red cells appear to contain 
less than 20 mg. per cent of Na. 

10 ml. of the supernatant are further diluted to 50 ml. with distilled 
water and Wk is determined by means of a calibration curve based on 
solutions containing between 0 and 100 p.p.m. of Na and 0 and 100 p.p.m. 
of K. Seale readings, with such a dilution, lie between 35 and 40, cor- 
responding to between 30 and 35 p.p.m. of K. 
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lrine—1 to 3 mil. of urine is diluted to LOO ml. with distilled water 
and the resultant solution is used directly to determine both Na and K. 
The calibration charts used for these determinations depend entirely upon 
how concentrated the urine is. Trial runs are made in order to ascertain 
whether the scale is to be set at 100 p.p.m. or higher. 

With the methods of sample preparation described above, values for 
Na and K in whole blood, plasma, red blood cells, and urine have been 
obtained on 60 human subjects. The average values and the ranges are 
presented in Table II. It will be seen that the average values obtained 
by this method agree quite well with the usually accepted values established 
by the more laborious and tedious chemical methods (9-12). 


Tasie Il 


Comparison of Average and Range Data of Flame Photometric and Chemical Methods 
for Na and K Determination in Human Body Fluids 


aver. reported reported? 
age* | 
Whole blood Na 218 190-257 200 170-225 
222 145-257 200) 150-250 
Plasma Na 352 $23 366 315 345 
20 14- 2s 16- 22 
Red blood cells Na 14—s« Trace to 3! 0 
kK 437 425-444 41 
Urine Na | 
105-465 


* Average of determinations on thirty human subjects. 
tSee references (9-12). 


DISCUSSION 


The methods described here should be valuable not only because they 
give results as accurate as do the usual chemical methods but also because 
they materially reduce the time necessary to determine both Na and Kh. 
Perhaps the greatest advantage of flame photometry hes in the fact that it 
is not necessary to separate Na from K in order to determine either of them 
by this method. 

However, it must be poimted out that considerable care is required in 
making standards, in calibrating the instrument and rechecking the 
calibrations during the runs, in preparation of the unknown solutions, 
aml in operation of the instrument in order that one may rely on the 
results. 
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648 FLAME PHOTOMETRY FOR NA AND K 


Numerous other methods of preparing biological fluids for flame photo. 
metric determination of Na and K were tried unsuccessfully. Wet ashing 
methods with various combinaticns of sulfuric and nitric acids, sulfurie 
and perchloric acids, and sulfurie acid and hydrogen peroxide were at. 
tempted. Each of these methods depends upon the presence of some 
sulfuric acid which must be neutralized (with NH,OH) before the solution 
can be run through the flame photometer. None of these methods has 
been successful, since, apparently, the presence of large amounts of salt 
(in this case (NH,)2SO,) causes a depression of both the Na and K curves 
(2). 

Dry ashing methods are likewise unsuccessful because splattering and 
creeping of the solutions occur, the masses of residue left after ashing 
small blood samples are extremely minute and consequently difficult to 
handle quantitatively, and, finally, in the case of whole blood or red cells, 
complex iron compounds are formed which possess extremely low solu- 
bilities. 

In flame photometric determination it is not necessary to remove all 
organic material before the solution is run through the instrument. It 
is advantageous to be rid of most of the protein, which may clot or pre- 
cipitate and clog the aspirator tubing. Such a degree of protein removal 
is readily obtained with 2) per cent trichloroacetic acid and, since the 
samples are so highly diluted, no serious coprecipitation of ions with the 
protein is encountered. 


SUMMARY 


1. Rapid procedures for flame photometric analysis of Na and K in 
blood, plasma, red blood cells, and urine are described. 

2. The accuracy of these more rapid methods approximates that of 
the more laborious chemical methods usually emploved in Na and K 
analysis. 

3. Average and range data from 6) control determinations on human 
subjects are presented and compared with data previously reported. 

4. Some of the precautions to be taken in the operation and calibration 
of the flame photometer are discussed. 


The authors wish to acknowledge the cooperation and assistance of 
Dr. T. 8. Hill, Chief of the Division of Neurology and Psychiatry, Uni- 
versity of Tennessee College of Medicine, throughout the course of this 
study. 
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PROPERTIES OF TOMATO PECTASE* 


By CLAUDE H. HILLS H. MOTTERN? 
(From the Eastern Regional Research Laboratory 3 Philadel phia) 


(Received for publication, November 16, 1946) 


Pectase, the enzyme catalyzing the deesterificeation of pectin, has been 
used as a catalyst in the preparation of low ester pectins (1-3), partially 
deesterified products showing promise of commercial importance. 

The literature on pectase prior to 1936 has been reviewed by Kertesz (4) 
who points out that many of these early studies are of doubtful value 
because the data were based upon gel formation, which is not a true 
measure of the reaction involved. The direct titration of liberated carboxy] 
groups is a valid measure of pectase action and has been used in recent 
studies on pectases derived from tobacco (4), tomatoes (5-8), alfalfa (9), 
and citrus peel (2, 10). These studies provide information regarding the 
general nature of the enzyme and indicate the non-identity of pectases 
derived from different sources. 

The recent reports by Lineweaver and Ballou (9, 11) that pectase 
activity is influenced by cations has both theoretical and practical sig- 
nificance. It explains the earlier observation by Hills ef al. (1) that tomato 
pectase activity was increased by the addition of sodium oxalate. The 
application of these findings to the measurement and utilization of pectase 
is obvious. 

Only a few published studies are available regarding the properties of 
tomato pectase. Kertesz (5) studied the effects of substrate and enzyme 
concentrations on the determination of pectase activity. The optimum 
pH was not determined, but the data indicate that it is 6.2 or above. 
A subsequent study (6) showed that ripe tomatoes contain more pectase 
than immature fruits. Pectinase, the enzyme hydrolyzing the glycosidic 
linkages of the pectin molecule, was detected in ripe tomatoes but not in 
green tomatoes. Studies on the pasteurization of tomato juice (7) showed 
that tomato pectase was completely destroved by heating to 80° for 45 
seconds or to 70° for 2.5 minutes. The time required for complete in- 
activation was affected by the pH of the mixture, being less for juices 
acidified below the natural pH (about 4.0). 


* Presented before the Division of Biological Chemistry at the 109th meeting of the 
American Chemical Society at Atlantic City, April 8-12, 1946. 

* Present address, H. J. Heinz Company, Pittsburgh. 

$ One of the laboratories of the Bureau of Agricultural and Industrial Chemistry , 
Agricultural Research Administration, United States Department of Agriculture. 
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The preparation of tomato pectase was studied by Willaman and Hills 
(8). They observed that the enzyme was adsorbed on the pulp solids 
at the natural pH of the tissue but was desorbed by the addition of alkali 
Thus above pH 5.0, clear filtrates free of suspended sclics and rich in pectase 
were readily prepared. 

Tomato pectase was studied because it is a cheap and convenient catalyst 
for the deesterification of pectin. The present paper presents further 
data on the preparation and properties of tomato pectase. 


Materials and Methods 


Preparation of Pectase—The pectase solution used throughout this 
study was a clear yellow filtrate prepared from firm ripe tomatces by the 
modification previously described (12) of the Willaman and Hills (8) 
method. Briefly, the method consisted in grinding firm ripe tcmatces 
to a pulp, adjusting to pH 7.5 by the addition of 5 N NaOH, and filtering, 
The extract was stored under xylene at 0°. | 

Preparation of Pectin—The purified apple pectin used as substrate in 
most of these studies was prepared from dried apple pomace by extraction 
with 14 parts by weight of water at 80° for 70 minutes at pH 2.5, oxalie 
acid being used as the acidulant. The extract was pressed out, treated 
with diastase to remove starch, filtered, and concentrated in vacuo to 
about 2 per cent pectin. The pectin was purified by the following modi- 
fication of the method of Olsen et al. (13). 3 per cent of concentrated 
hydrochloric acid by volume was added to the pectin concentrate; the 
mixture was stirred and allowed to stand for 10 minutes, then precipitated 
by stirring into 2 volumes of 80 per cent alcohol. The precipitate was 
washed on a filter until free of chlorides, pressed, dried overnight at 60°, 
and ground to pass a 60 mesh screen. 4.9 per cent moisture, 0.39 per cent 
ash (moisture-free basis), and 10.24 per cent CH,;O (Zeisel), were obtained 
on the alcohol-free sample (12). The pectin was further characterized 
(14) as being 76.4 per cent methyl-esterified and containing 80.7 per cent 
methyl! galacturonide. 

Method of Pectase Determination—The method used to measure pectase 
activity was based upon the Kertesz (5) titration technique, in which the 


carboxyl groups liberated by pectase hydrolysis are titrated with standard — 


alkali. The original method was modified by the use of a continucus 
electrometric titration at constant pH (1, 3) and by the addition of eleetro- 
lyte as recommended by Lineweaver and Ballou (9, 11). The optimum 
conditions of pH and electrolyte concentration were determined and used 
in all measurements unless otherwise specified. This method is similar 
to the procedure used by Lineweaver and coworkers (9, 10). 

The standard procedure was to measure into a 600 ml. beaker 200 ml. 
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of a 1 per cent solution of purified apple pectin, 12.5 ml. of 2 m sedium 
chloride, 5 ml. of 0.2 M sodium oxalate, and sufficient distilled water to 
give a final volume (after the addition of the enzyme) of 500 ml. The 
substrate thus contained 0.4 per cent pectin, 0.05 mM sodium chloride, 
and 0.002 m sodium oxalate. | 

The reaction mixture was adjusted to 30° + 0.1° and maintained at 
that temperature in a water bath. It was stirred by a small electrical 
stirrer, and the pH was measured by a Beckman pH meter equipped with 
extension leads. The enzyme solution (usually 5 ml.) was added and the 
mixture, While being stirred, was quickly titrated to pH 7.5 or slightly 
above. The amount of deesterification which occurred during the addition 
of pectase and the neutralization of the reaction mixture was usually less 
than 0.2 ml. of 0.56 N NaOH, and therefore could be ignored. 

The pH meter was set at pH 7.50 (corrected for the pH drift caused by 
stirring (12)), and observations of time and alkali consumption were begun 
at the instant the galvanometer needle of the pH meter crossed the zero 
mark on the dial. This provided a very sensitive means for measuring 
the start and the end of the reaction. The pH was maintained constant 
within 0.1 pH unit by the dropwise addition of 0.6 s NaOH. Ordinarily 
the reaction was allowed to proceed until 3 or 4 ml. of 0.5 Nn NaOH had been 
consumed. By measuring the elapsed time to the closest second and 
applying a temperature correction (0.4 per cent per 0.1° deviation from 
30.0°), the precision of the method, as determined by the average deviation 
of a number of duplicate determinations, was 0.02 ml. 

For measurements made between pH 7.5 and 5.0, the titration values 
were corrected for the incomplete neutralization of the substrate. Below 
pH 5.0, it was necessary to use a method based upon the difference in 
titration (to pH 7.5) of two mixtures, one at constant pH for a given 
time and the other titrated immediately. This required a carefully 
standardized titration procedure, especially with respect to the time 
consumed in the final neutralization. 

Discussion of Method—The choice of a method for enzyme assay and 
of units for expressing activity depends upon an understanding of the 
nature of the reaction involved. Published studies on pectase disagree 
as to whether the enzyme deesterification of pectin is a first order or a 
zefo order reaction. Kertesz (4) reported that tobacco pectase followed 
a first order reaction, whereas Lineweaver and Ballou (9) found that the 
reactions catalyzed by alfalfa and pea vine pectases approximated a zero 
order reaction over the initial 50 per cent hydrolysis. More recently 
Speiser ef al. (15) studied the kinetics of tomato pectase action on pectin 
but failed to prove whether the deesterification is a zero or first order 
reaction. 
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Fig. 1 shows that the course of tomato pectase deesterification is zero 
order for the initial 40 or 50 per cent hydrolysis but thereafter deviates 
from a zero order reaction. The deesterification does not correspond 
to a first order reaction over any portion of the curve. These conclusions 


ML. OF OSN USED 


TIME, MINUTES 


Fic. 1. Typical enzyme deesterification curve 


Taste I 


Comparison of Zero and First Order Constants for Pectase Deesterification of 
Pectin (Standard Substrate Plus 5 M1. of Pectase) 


* K is expressed as milliequivalents X min.“'. 


i 
. | 2.303 
Fraction Zero order, K = logue 
0-10 0.150 0.0272 
10-20 0.152 0.0317 
20-30 0.150 0.0354 
30-40 0.150 0.0414 
40-50 0.140 0.0458 
50-60 0.124 0.0512 
60-70 0.090 0.0508 
70-S0 0.053 0.0377 
0.021 0.0390 
90-95 0.006 0.0205 


were confirmed by calculating the zero and first order constants for 10 
per cent increments of the deesterification (Table 1). 


From these data 


it is clear that the initial reaction is zero order instead of first order. 
The present procedure, based upon the determination of pectase activity 
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A-OB8SERVED CURVE FOR TOMATO 
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B-STRAIGHT LINE CORRESPONDING 
TO ZERO-ORDER REACTION. 
3 C-CALCULATED CURVE FOR A FIRST 
ORDER REACTION 
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within the region of the zero order reaction, satisfies the test for a valid 
method of measurement (16) in that the rate of activity is proportional 
to enzyme concentration over a wide range of added enzyme, as is shown 
later. 

Pectase activity is expressed as the zero order velocity constant, where 
K is in units of milliequivalents of bonds hydrolyzed per minute. This 
unit is similar to that reeommended by Lineweaver and Ballou (9). The 
ratio between the present unit and that proposed by Kertesz (5) is theo- 
rectically 1:930. However, since the Kertesz method does not measure 
pectase activity af the optimum plf or optimum electrolyte concentra- 
tion, the ratio of the activities by the two methods may range from 
1:300 to 1:800, depending upon the ion content of the pectin used as 
substrate. 


ACTIVITY, Ke 10% 


4 $ 7 8 
Fic. 2. Desorption of pectase from tomato pulp 
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Results 


Desorption of Peetase from Tomato Pulp—The previously reported 
study of the desorption of peetase from tomato pulp by dilute alkali (8) 
has been extended to include the effects of acids and neutral electrolytes. 
Filtrates were prepared from 50 ml. portions of raw tomato pulp adjusted 
to the desired pH! by the addition of either concentrated hydrochloric 
acid or 5 N NaOH. At pH 2.0 and below, the pectase activity of the 
filtrates was obtained by measurements made 30 and 60 minutes after 
the addition of acid, with extrapolation to zero time. 

Fig. 2 shows that without added sodium chloride there is a region of 
minimum desorption near pH 4.0 with maxima at pH 2.0 and 7.5. The 
addition of 2 per cent sodium chloride was effective over the entire pH 
range investigated. It was also observed that at pH 6.0 or above the 
presence of 2 to 5 per cent of added sodium chloride caused a 10-fold 
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increase in the rate of filtration of the pectase extract through medium 
grade filter paper. 

The use of 2 per cent sodium chloride at pH 6.0 or acidification to pH 29 
without added salt would be suitable procedures for the large scale prepara. 
tion of tomato pectase extracts. Extracts prepared at pH 2.0 should be 
adjusted to pH 4.0 prior to storage. 

For the purpose of the present study, desorption at p11 7.5 without added 
sults was used in order to obtain an extract of low ionie concentration, 
The ion concentration of the extract was 0.11 M, determined by conductivity 
and caleulated as KCI. 

Stability of Tomato Pectase Extracts—In order to select the optimum 
conditions for storage and to anticipate the rate of deterioration, tomato 
pectase extracts were stored under various conditions of temperature 
and pH. 


Il 
Effect of pH on Stability of Tomato Pectase Extracts Stored at 0° and 23° 


Rate of loss of activity 


| 0° 23° 
per cent per mo. per cent per day wee 

7.5 | 2.6 1.42 

5.0 | 0.55 

4.0 1.0 0.42 

3.0 0.858 

2.0 | 12.7 20.0 


50 mi. aliquots of tomato pectase extract were adjusted to the desired 

pH and stored at either 0° or at room temperature (23°). A few drops of 

“xylene were added as a preservative. Pectase activity was determined at 
the start and at intervals during storage. 

Table Il shows the rate of deterioration of extracts stored at various pH 
values. The enzyme appears to be most stable at pH 4.0, the natural pH 
of tomato tissue. The addition of 2 per cent sodium chloride did not affect 
the stability of the enzyme at pH 4.0 and above but had a deleterious 
effect at a lower pH. 

These data indicate that tomato pectase extracts may be stored for 
several days at room temperature or several months at 0° withcut appre- 
ciable loss. The pectase derived from tomatoes appears to be much more 
stable than that derived from citrus peel (10) or from alfalfa (9). 

Effect of Enzyme Concentration—The activity per ml. of pectase extract, 
with the standard substrate, was observed to be constant over a wide range 
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of enzyme eoneentration (Table IIL). It was not possible to make accurate 
measurements with amounts of pectase extract greater than 20 ml. 

The constancy of the pectase activity per ml. of added enzyme is im- 
portant in the determination of pectase activity and appears to hold for all 
concentrations commonly encountered. It also indicates the validity of 
the method used for pectase determinations. 


Tanue Ill 


fleet of Enzyme Concentration on Pectase Activity 


Activity 


Tomato pectase added 


mcg. per ml. per min. 


20 0.0285 
10.0 0. 0286 
5.0 0). 0287 
2.0 0.0286 
0.5 0284 
; 
' 
@ 30 


Fic. 3. rate concentration 


Effect of Substrate Concentration—The dependence of pectase activity on 
pectin concentration was determined by measuring the rate of deesterifica- 
tion of substrates containing amounts of pectin ranging from 0.01 to 3.2 
per cent. In all cases, readings were taken before 40 per cent of the 
available methyl! groups had been hydrolyzed. 

The data (Fig. 3) indieate that pectase activity increases with pectin 
concentration, practically attaining a plateau above 1.6 per cent pectin. 
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At 0.4 per cent pectin, the concentration used for pectase assay, the activity 
was 85 per cent of that at 3.2 per cent pectin. 

It was of interest, both from a practical and a theoretical standpoint, to 
determine the concentration of pectin which will give the maximum rate of 
deesterification per unit of enzyme. This was done by applying the 
Lineweaver and Burk (17) form of the Michaelis-Menten (18) equation 


7" 
where (S) is the substrate concentration, v the observed velocity at a given 
substrate concentration, V the maximum velocity, and A, the Michaelis. 
Menten constant. By plotting (S)/v against (S), it was possible to de. 
termine V and K, from the slope 1/ V and the intercept A,/}. 

The maximum velocity was calculated to be 0.0334 (milliequivalent 
per ml. per minute), corresponding to about 3.2 per cent pectin concentra. 
tion. ‘The value for the Michaelis-Menten constant, 0.041 per cent, may 
be compared with the values 0.04 per cent for alfalfa peetase (9) and 0,08 
per cent for citrus peel pectase (10). 

It should be pointed out that the Michaelis-Menten equation applies 
only to the initial 40 per cent of the pectase Ceesterifieation curve. Beyond 
this point in the deesterification reaction there was a marked curvature in 
the plot of GS)/v versus (S). This is not entirely unexpected because, as 
the deesterification reaction proceeds, the substrate changes both quanti- 
tatively (with respect to methyl ester content) and qualitatively (with 
respect to magnitude of the negative charge). The Lineweaver-Ballou 
hypothesis (9) concerning the formation of an inactive ionic complex be- 
tween pectinie acid and pectase offers a possible explanation of this 
behavior. 

Effect of Electrolyte Concentration—The recent studies by Lineweaver and 
Ballou (9) and by MacDonnell ef a/. (10) indicate the dependence of pectase 
action on electrolyte (cation) concentration. The concentration required 
for maximum pectase activity is a function of the pILand of the valency of 
the cation. 

The fact that alfalfa and citrus peel pectases show differences in behavior 
toward cation concentrations indicates that this effect is also a funetion of 
the source of the enzyme. 

In the present study the effect of sodium chloride concentration on 
tomato pectase activity was determined at pH 7.5, 6.0, 5.0, and 4.0. The 
results (Fig. 4) show that both the optimum salt concentration and the 
maximum activity are affected by pH. The optimum salt concentrations 
at pH 7.5, 6.0, 5.0, and 4.0 were 0.05, 0.08, 0.15, and 0.30 m Na ion, re- 
spectively. These values are nearly identical with those reported for alfalfa 
pectase (9) but are appreciably smaller than those for citrus peel pectase (10). 
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It was impossible to obtain enzyme-substrate mixtures entirely free of 
cations because small amounts were contributed by the alkali used for the 
original neutralization (1.5 milhequivalents), by the ash of the peetin 
substrate (0.5 milliequivalent), and by the peetase solution (0.5 milli- 
equivalent). When dialyzed pectase was used without added electrolyte, 
the activities at pH 7.5 and 6.0 were 0.0054 and 0.00026 milliequivalent per 
ml. per minute, or IS and | per cent of the respective maxima at optimum 
salt concentrations. 

Tomato pectase activities at pH 7.5 in the presence of 0.05 mM sodium 
acetate, sodium chloride, or potassium chloride were in the ratio of 
100:97:97. indicating that the anion may have a slight effect and that 
sodium and potassium are equivalent. 
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Fic. 4. Effect of NaCl on pectase activity at various pll levels 


Effect of pH on Peetase Activity—The optimum pH for tomato pectase 
was determined in the presence of 0.05 M sodium chloride. Measurements 
between pH 7.5 and 5.0 were made by direct titration at constant pH, the 
results being corrected for incomplete neutralization of the substrate. Ata 
lower pH, the results were obtained by titrating (to pH 7.5) two mixtures 
that had been allowed to react for different times, as deseribed previously. 
Above pH 7.0, it was necessary to correct for the amount of deesterification 
caused by alkali. In Fig. 5, Curve A-B represents the observed rate of 
deesterification produced by enzyme and alkali together. Curve C shows 
the rate for alkali alone, and Curve A-A‘ for the enzyme alone. 

Tomato pectase in the presence of 0.05 m sodium chloride shows a maxi- 
mum activity at pH 7.5 with a fairly broad optimum region extending from 
about pH 6.0 to 9.0. The data presented previously (Fig. 4) show that the 
optimum salt concentration increases at a lower pH. Thus 0.05 m NaCl, 
which is optimum for pH 7.5, is suboptimum for pH 6.0 or 5.0. From a 
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practical point of view it is desirable to show the maximum activity and 
required salt concentration in the range of pH below 7.5. These results, 
plotted in Curve D, Fig. 5, show that at a lower pH a material increase ip 
pectase activity may be realized by increasing the salt concentration. 
Temperature Coefficient—The influence of temperature on the rate of 
pectase action was studied under conditions nearly identical with those 
recommended for the large scale preparation of low ester pectins (19). 
Rate measurements were made at pH 6.5 and at temperatures ranging from 
10-65° (Fig.6). Readings were taken over a period of 30 minutes, although 


on 


5 bia. 6 


Fic. 5. Activity-pH curve for tomato pectase. Curve A-l, observed deesterifica- 
tion; Curve C, deesterification by alkali; A-A’, corrected curve for pectase alone; 
Curve D, activity, pH 4.0 to 7.5, with optimum NaCl concentration for each pH. 

Fic. 6. Effect of temperature on rate of pectase action at pll 6.5. Substrate, 05 
per cent pectin, 0.05 nw NaCl, 0.002 \ Na oxalate. 2.0 ml. of tomato pectase extract 
used. 


in some instances the reaction was allowed to continue for 1 hour. In all 
cases, the readings were confined to the initial 40 per cent portion of the 
deesterification reaction. Thus any deviation from linearity in these data 
is an indication of enzyme denaturation. 

The “optimum temperature” for pectase action decreased with time, 
because at increased temperatures denaturation of the enzyme became an 
important factor. For a 2 minute reaction time the optimum temperature 
was 65°, for a 30 minute reaction it was 55° and for 1 hour (data not 
shown) it was 50°. 
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The linearity of the curves for 10°, 20°, 30°, and 40° indicates that de- 
naturation of the enzyme was negligible under these conditions. 

The increase in rate of an enzyme reaction with increase in temperature 
may be conveniently expressed as the Qj value, the ratio of Key /Ke. 
The Qy values for tomato pectasre shown in Table IV are much lower than 
the range of 2 to 3 predicted by the van’t Hoff rule for catalyzed reactions 
in aqueous solution, and lower than is generally observed for other 


enzymes (20). 


Taste IV 
Temperature Coefficient of Tomato Pectase Deesterification of Pectin 
0.8 per cent pectin substrate, 0.05 « NaCl, 0.002 m Na oxalate, pH 6.5. 


Temperature interval Temperature coefficient, Ore 
c. 
10-20 | 1.60 
20-30 | 1.52 
3040 1.44 
40-50 1.32 
we 


Fie. 7. Inactivation of peectase by heat 


A value of 7280 calories for the activation energy was determined from 
the slope of 1/T versus log AK (zero order). Initial reaction velocities were 
used in the caleulations and the data were confined to the temperature 
range of 10 40° at which heat inactivation of the enzyme is not apparent. 
This is higher than the value 5790 calories previously reported by Speiser 
et al. (15), who used slightly different experimental conditions and based 
their results on the analysis of the isolated reaction product. A value of 
6000 calories has been reported for citrus pectase (2). 

Heat Inactivation—Fig. 7 shows the loss in activity caused by heating a 
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TOMATO PECTASE 


tomato pectase solution for 30 minutes at pH 6.5. The temperature (62°) 
required for 50 per cent inactivation is about 12° higher than that required 
for citrus peel pectase (10). This agrees with the general observation that 
tomato pectase is more stable in aqueous solution than is alfalfa or eitrys 
peel pectase. 

DISCUSSION 

The differences in properties between tomate pectase and other plant 
pectases, while chiefly quantitative, are distinet enough to indicate the 
non-identity of pectases from different sources. The optimum pH and salt 
concentration for tomato pectase are pH 7.5 and 0.05 Mm NaCl. These 
values may be compared with pH 7.5 and 0.15 Mm NaCl for orange peel 
pectase (10) and pH 6.5 (salt concentration not determined) for tobacco 
peetase (4). Alfalfa pectase (10) is unique in that it shows maximum ae- 
tivity over the entire range from 5.6 (0.15 NaCl) to pI 8.0 (0.02 » 
NaCl). Tomato pectase extracts are much more stable at 0° or room 
temperature than are extracts derived from alfalta or citrus peel. ‘Tomato 
and citrus pectases show differences in the effects of pil and salts on sta- 
bility. The temperature required for heat Inactivation of tomato pectase 
is about 12° higher than for citrus peel pectase. 

On a fresh weight basis, the pectase activity of ripe tomatees is about the 
same as that of fresh citrus peel and about 5 times that of fresh alfalfa (10). 
Crude pectase extracts prepared from tomatoes are about as active as the 
whole tissue. The efficient extraction of the enzyme from citrus peel or 
alfalfa requires the addition of several volumes of solvent, and the resulting 
extracts would be much less active than tomato extracts. Crude tomate 
pectase extracts may be prepared without added solvent and are sufficiently 
stable to permit their storage without further purification. 

The present study indicates various means for improving the efficiency 
of pectase action. The activity per unit volume of pectase may be in- 
creased by deesterifying at a pH near 7.5 and adding the optimum quantity 
of electrolyte. The fact that pectase activity increases with increased 
substrate concentration may be applied to commercial practice by con- 
centrating the pectin extract before deesterification. The use of inereased 
temperatures is an obvious method of increasing the efficiency of pectase 
action. For most purposes, however, this method encounters the limita- 
tions imposed by the susceptibility of the pectin substrate to heat degrada- 
tion (19). A fuller discussion of the utilization of tomato pectase for the 
large scale preparation of low ester pectins is presented in a separate 
publication (19). 


SUMMARY 


1. The deesterification of pectin by tomato pectase follows a zero order 
(for the initial 40 per cent) rather than a first order reaction. This fact 
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was utilized in determining reaction rates and in choosing units for ex- 
pressing activity. 

2. Tomato pectase was prepared trom tomate pulp by alkaline desorp- 
tion. The desorption may be accomplished alse by acid or neutral elee- 


trolytes. 

3. The relation of enzyme activity to substrate concentration conforms 
to the Michaelis-Menten theory. The A, value of 0.046 per cent is com- 
parable to that found for alfalfa peetase but differs from that for citrus 


pectase. 
4. Tomato pectase has a broad optimum pli region, with a maximum 


at 7.5. 
5. The addition of salts is necessary for maximum activity. The opti- 


mum salt concentration at pH 7.5 is 0.05 m NaCl but is greater at lower 
pH values. 

6. The enzyme was most stable in aqueous solution at pH 4.0. At this 
pH and 0° it deteriorated about | per cent per month. A temperature of 
70° was required for complete inactivation in 30 minutes at pH 6.5. 

7. The temperature coefficient (Qj) was 1.52 for the region of 20-30°. 
The Arrhenius energy of activation in the region from 10-40° was 7280 
calories. Above 40° inactivation of the enzyme became apparent. 
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The recent brief summary (1) of the results obtained by the large group 
of British and American chemists made known to the general scientific 
publie for the first time that a number of antibiotics of the penicillin class 
had been isolated. At least four are known to be commonly produced by 
various strains of Penicillium. These in the past have been called peni- 
cillins G, F, X, and K by the American workers. All have the same struc- 
ture with the exception of a side chain, which difference is indicated in the 
new nomenclature for penicillins.’ The above penicillins are designated 
respectively benzylpenicillin, A?-pentenylpenicillin, p-hydroxvbenzvlpeni- 
cillin, and n-heptylpenicillin. 

That the individual penicillins exhibit different antibiotic potencies and 
pharmacological properties has now been amply shown by the thorough 
studies of Eagle and Musselman (3), of Coghill, Osterberg, and Hazel (4), 
and others (5). The necessity of using pure preparations of individual 
compounds for any fundamental clinical or pharmacological study poses a 
problem of fundamental nature for the chemist, that is not only to obtain 
the pure single antibiotic in sufficient quantity but also to supply convine- 
ing evidence that only a single species, or at least a single species in high 
percentage, is present in the sample to be studied. 

For the particular case of the penicillins this is an especially difficult 
problem in view of the following properties. ‘The penicillins are unstable 
acids which are difficult to study as such and to characterize by the usual 
determinations of melting point, rotation, refractive index, etc. Ultimate 
analysis is not alone sufficient to demonstrate homogeneity or the presence 
of a single species only. Crystalline derivatives which retain their bio- 
logical activity appear to be restricted to salts of the acids with either 
inorganic or organic bases. ‘These salts do not possess melting points suit- 
able for precise characterization. 

'The nomenclature used for the penicillins in this article conforms with that 
proposed by the Editorial Committee of the forthcoming monograph on the chemistry 
of penicillin (see (2)). 
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From this array of unfavorable properties it is indeed apparent that the 
conventional methods of organic chemistry are scareely adequate. Some 
new approach would thus be highly desirable. 

The use of partition coefficients for such problems is an old procedure, 
though in the past methods for employing these perfectly reliable physical 
constants have been so lacking in precision and convenience that they have 
not found the wide usage in organic chemistry which they properly deserve, 
With respect to the penicillin field this approach has already been suggested 
by the published work of Bush, Goth, and Dickison (6) and in the un. 
published work of groups in the United States and England on the use of 
the partition chromatogram of the Martin and Synge (7) type. 

The procedure of counter-current distribution (8, 4) represents an at- 
tempt to make the partition coefficient a more usable physical constant in 
organic chemistry. It is based on a certain systematization of multiple 
extractions or transfers so that the mathematics of the binomial expansion 
may be directly applied in the interpretation of the results. It has been 
applied with suecess to homogeneity studies in the field of the synthetic 
antimalarials (9) and in the isolation of active principles from Aspergillus 
usius (10), as well as in a considerable amount of unpublished work. It 
was also used in the isolation of synthetic benzylpenicillin by du Vigneaud, 
Carpenter, Holley, Livermore, and Rachele (2). A logical further step 
from the standpoint both of the development of the method and of peni- 
cillin chemistry is to attempt the application of the method to this inter- 
esting and important class of natural products. The present paper will 
record a number of our preliminary experiments with the penicillins. 

Though it is entirely feasible by the procedures to be discussed to isolate 
pure crystalline individuals directly from the culture medium or from com- 
mercial samples of penicillin now on the market, this effort has been made 
largely unnecessary by the kind cooperation of a number of industrial pro- 
ducers? who have supplied us with crystalline preparations of the sodium 
salts of the four above-mentioned types of penicillins. This has greatly 
facilitated our study and our thanks are herewith given for their generosity. 
, As discussed in previous publications (9, 10), the most promising system, 
e.g. the combination of immiscible solvents, for the study of acids and bases 
is usually one in which a buffered aqueous solution is one of the two phases. 
Ethyl ether and 2 m phosphate buffer occurred to us at once as a promising 
combination. Thus far this combination has proved the best from the 


2? We have been supplied with crystalline penicillins by Dr. Wintersteiner of The 
Squibb Institute for Medical Research, by Dr. Barnes of the American Cyanamid 
Company, by Dr. Brown of Chas. Pfizer and Company, by Dr. Behrens of the Eli 
Lilly and Company, by Dr. Coghill of the Abbott Laboratories, by Dr. Markunas of 
the Commercial Solvents Corporation, and by Dr. Cartland of The Upjohn Company 
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analytical standpoint for the examination of benzylpenicillin and of A*- 
pentenylpenicillin. For the examination of p-hydroxybenzylpenicillin, 
ether-3 m phosphate has been the best, and for the examination of n-heptyl- 
penicillin, ether-1 M phosphate has been the system of choice. Other sol- 
vents such as chloroform and ethyl! acetate have been used with partial 
success. Though ethyl acetate has admirable solvent properties, it has 
thus far with each of the four different penicillins always led to a certain 
percentage of inactivation. 

In a previous publication (0) the desirability of working with a partition 
coefficient of about 1 for the characterization of a particular substance has 
been shown. The further desirability of choosing a buffer system and an 
organic solvent which would give the greatest shift of partition coefficient 
with the shift of pH also was shown. A preliminary study of these factors 
with a crystalline preparation of the sodium salt of benzylpenicillin showed 
that with ethyl ether and 2 mu phosphate the partition coefficients were 
those shown in Fig. 1. The pll given is that recorded directly by use of 
the glass electrode at 25° and is relative only, rather than absolute, because 
of the high salt concentration. The partition coefficients were determined 
at 5° in a constant temperature room. The values given do not represent 
the highest precision but are sufficient for the purpose at hand, at least 
until the homogeneity of the preparation has been demonstrated. The 
concentration in each Jayer was determined spectrophotometrically by use 
of the Beckman quartz spectrophotometer. 

Plotted in Fig. 1 are the values found in isopropyl! ether-buffer for plas- 
mochin, one of the synthetic antimalarial bases previously studied. It can 
be seen that the slope of the line is much greater for plasmochin, and there- 
fore the specificity of the constant is greater. Ethyl acetate or chloroform 
with benzylpenicillin, Fig. 1, did not offer improvement. The prediction 
might be made from these data that difficulty would be experienced in 
attempting to spread the partition coefficients of two penicillins whose 
partition coefficients chanced to lie close together, by changing the solvents 
or conditions. In order to compensate for such an unfavorable property 
it is obvious that higher numbers of transfers would be required for a desired 
separation. Therefore, thus far those systems have been most studied 
which are the best suited for the greatest precision in the technical execu- 
tion of the method. Ethyl ether is admirable from this standpoint. 

In general use of the method of counter-current distribution it is desir- 
able to be able to adjust the value of the partition coefficient at will. It 
is apparent from Fig. 1 that the buffered system will permit this in the case 
of the penicillins. At the same time conditions of relative stability for the 
penicillins may be obtained if the whole operation is performed in a con- 
stant temperature cold room at about 3-5’. 
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Fic. 1. Shift of partition coefficient with pH; O = benzylpenteillin in ether-2 
PO, buffer; O = benzylpenicillin in ethyl acetate-2 « PO, buffer; & = benzylpenieil- 
lin in 2m PO, buffer-chloroform (1 logarithm of A is plotted); & = plasmochin in 
isopropy! ether-2 uw PO, buffer (1 logarithm of A is plotted) 


Fic. 2. Distribution pattern of crystalline benzy!penicillin; O = optical density 
at 260 my; 0 = optical density at 320 mu; @ = weight in mg.; ¥ = calculated curve. 


Fig. 2 shows one of the earlier runs with a crystalline preparation of 
benzylpenicillin. It shows the maximum biological activity when com- 
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pared with the international standard and agrees in all other recorded 
rties. 

The distribution was carried out as follows. 2 m buffer was prepared 
which contained 248 gm. of Nall,PO,-H,O (Merck) and 34.8 gm. of 
K,HPO, (Merck) in a liter of solution. This buffer thus far has not caused 
trouble by crystallization in the cold room at 4°. It has shown repeatedly 
a pH of 4.8 when directly measured against the glass eleetrode at 25°. 

250 cc. of buffer and 250 ec. of commercial absolute ethyl ether, previ- 
ously redistilled, were shaken at 4° in a separatory funnel. The lower 
portion of each of the tubes of the apparatus was then filled with the buffer 
layer, 8 ec. with the present machine (9), and then an equal volume of the 
ether layer was added to each tube. 

100 mg. of the penicillin were placed in a ground glass-stoppered tube of 
the same inside diameter and length as the tube of the machine. 8 cc. of 
the buffer layer were then added, and after solution 8 ce. of the ether layer 
were added. Equilibration was then accomplished as in the machine by 
inverting the glass tube and turning it back again to the original position 
50 times. The degree of emulsification and the time for complete separa- 
tion of the layers were noted. Inthe prese case approximately | minute 
and 30 seconds were required for separation of the layers. 

The contents of Tube 0 of the machine were then withdrawn and replaced 
by the contents of the glass tube. The layers were allowed to separate and 
then the upper part of the machine was rotated one stage so that the upper 
layer of Tube 0 was over the lower laver of Tube 1. The machine was 
equilibrated by inversion 50 times, the speed of inversion being controlled 
by observing the glass dummy attached to the outside, which was also 
filled with the same two layers. The layers were allowed to separate dur- 
ing a time lapse of 3 minutes before advancing to the next stage. When the 
upper layer of Tube 0 had advanced until it was over the lower layer of 
Tube 24, the contents of each tube were withdrawn into small separatory 
funnels numbered 0 to 24 

The optical density of each of the upper layers was then determined in 
the Beckman quartz spectrograph at 260 and at 320 mg. This was done 
without dilution, and starting with Tube 0. After measurement, the con- 
tents of the cuvette were placed again in the separatory funnel by means 
of a pipette and the cuvette filled with the next layer, without rinsing. 

After the first series of measurements | ce. of 8 Mm phosphoric acid was 
added to each of the separatory funnels and the funnel quickly shaken in 
order to transfer all the penicillin into the ether layer. Preliminary experi- 
ments had shown that this resulted in practically quantitative transference 
of the penicillin in the buffer laver to the ether layer. The optical density 
of each of the upper layers was again determined. From these two meas- 
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urements in each tube the partition coefficients can be calculated. In Fig. 
2 the optical density of each tube is plotted against the consecutive number : 
of the tube. 

The upper layer of each of the separatory funnels was then placed in q 
test-tube closed by a cork stopper covered with paper and stored overnight 
in a large thermos jar containing dry ice. Under these conditions nearly 
all the water is frozen out of the ether and with it any small amount of 
clinging buffer. No attempt was made to exclude CO, from the tubes, and _ 
its presence has thus far not appeared to interfere. 

When the crystals of ice were found to be attached to the sides of the 
tube, it was quickly withdrawn from the jar and decanted into another 
fresh tube. If this did not give a clear cut separation, the ice was removed | 
by use of an inverted filter. In the latter case the filter plug was a wad of 
cotton. Since the ice crystals were not routinely washed with fresh ether, 
there was a resultant loss of about 0.2 ce. of ether solution in each tube. 
This did not affect the quantitative interpretation, since the same volume 
was lost in each tube. Furthermore, there did not appear to be sufficient 
loss of the penicillin, other than that in the residual 0.2 ce. of ether, to cause 
an error in the quantitative determination. If the analysis were made 
with significantly larger amounts of penicillin, however, it is possible that 
appreciable losses would occur as a result of separation of the penicillin on | 
the ice crystals. 

The clear ether solution of every other tube (Tubes 0, 2, 4, ete.), starting 
with Tube 0, was then evaporated to dryness in a weighed Erlenmeyer 
flask, and the residue was dried at room temperature over calcium chloride 
at 0.2 mm. pressure. ‘The weights of the penicillin in the tubes are shown 
in Fig. 2. 

4 Although the residues in the tubes of the main band showed practically 
| the theoretical biological activity against Bacillus subtilis when compared 
. to the crystalline starting material, they were not completely soluble in 
° ether, and it is likely that there was a small percentage of inactivation dur- 
ing the evaporation. However, when the small amount of insoluble amor- 
phous material was removed by filtration, the crystalline triethylammonium 
salt of benzylpenicillin® could be prepared in nearly quantitative vield from 
the ether filtrate. 

4 The triethylammonium salt could be more readily prepared directly | 
5 from the dry ether layers of each tube. Addition of an excess of triethyl 
amine either directly or in ether solution was followed by turbidity and 
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f almost immediately by quantitative crystallization in very fine needles. 
y ? The use of triethylamine to prepare a crystalline salt of natural benzylpenicillin 
i was first described by the investigators of the Heyden Chemical Corporation, May 


22, 1944 (see (2)). 
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The crystals were collected in a centrifuge filter (11) and immediately dried 
under a Vacuum at room temperature. The melting point of the crystals 
wae not sharp, depended considerably on the rate of heating, and was found 
to he approximately 135 145° with previous sintering when determined on 
the micro hot stage melting point apparatus. ‘The erystals showed full 
antibiotic activity against Bacillus subtilis. Material from Tubes 5 and 15 
showed a slightly lower melting point, as well as activity, than those from 
Tube 10, but the difference did not appear to be large enough to be of much 
significance. 

The curve of absorption at 320 mu showed the presence of a small amount 
of another compound superimposed over the pattern of a penicillin. How- 
ever, from a percentage standpoint the significant curve is always the 
weight curve, and this showed little weight to be present at certain tubes 
having the highest absorption at 320 my. The material responsible for 
this absorption probably did not represent more than a per cent or 2 of the 
total weight in the preparation. 

From the standpoint of the investigation of homogeneity the significant 
feature of a determined curve is the closeness of its fit with a theoretical 
distribution (12) as well as the determination of partition coefficient of the 
material in each tube. When an attempt was made to fit a theoretical 
curve to the experimental absorption curve at 260 my the discrepancy shown 
in Fig. 2 was obtained. Further, the partition coefficients appeared to be- 
come consistently larger from left to right of the band. Had the attempt 
to fit a theoretical curve to the weight curve been made, a somewhat closer 
fit would have resulted. This will be shown in the next experiment. It 
would appear probable from Fig. 2 that the most accurate fitting of theo- 
retical distributions as well as determination of partition coefficients cannot 
be done by means of absorption measurements in the demonstrated presence 
of a small percentage of a component absorbing more strongly at 320 mua. 
However, the experiment as performed would appear sufficient only to 
demonstrate several per cent of inhomogeneity. 

If the convenient use of ultraviolet absorption spectrum measurement 
cannot be regarded as reliable even for those penicillins which have a charac- 
teristic type of absorption, then the analysis must depend almost entirely 
on weight. In any case, weight represents the most fundamental and re- 
liable method of determining the amount of material in a given solution. 
Experiments were, therefore, carried out to determine the precision with 
which penicillins could be determined by evaporation in ether solution and 
determination of the weight of the residue. For this purpose a series of 
Florence flasks were blown from soft glass vials. These flasks held a 
volume of approximately 12 cc. and weighed approximately 3 gm. each. 
The flasks were routinely weighed on a semimicro balance. They could be 
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rapidly weighed to +0.02 mg. when counterbalanced with an empty flask 
of the same series to correct for any change in humidity. 

Experiment showed that redistilled ether shaken at 5° with either 2 y 
buffer at pHI of 4.80 or buffer acidified with 1 cc. of 8 mM phosphoric acid 
showed no weighable residue when a 2 ec. volume was evaporated.’ Experi- 
ence also showed that in these flasks of very thin clear walls a residue 
| greater than 0.02 mg. could be seen with the naked eve when the flasks | 
were held against the light. | 
| With the use of this technique a distribution was made on a different 

sample of several times recrystallized benzylpenicillin. The result is shown 
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Fic. 3. Distribution pattern of four times reerystallized benzylpenicillin; O = 
4 experimental weight curve; @ = calculated curve. 
t Fic. 4. Distribution pattern of 3*-pentenylpenicillin; O = experimental weight 
curve; X = calculated curve. : 


q in Fig. 3. In this experiment the buffer of Tube 0 was adjusted to account 
¥ for the sodium of the penicillin (1.6 ce. of 2M Nal.PO, and 6.4 ce. of the 
: equilibrated buffer of pH 4.80). After the customary twenty-four trans- 
2 fers a final equilibration was made, and the material was withdrawn from | 
4 the machine. The upper lavers were separated from the lower and re- 
| placed by 8 ce. of fresh ether in each separatory funnel. 1 ce. of 8 w 
4 phosphoric acid was added and, after having been shaken, the ether layers 
J were separated and labeled as the lower layers. A 2.00 ce. aliquot from 


‘ It is thus evident that for analytical purposes only the step of freezing in dry ice 
is not_necessary. 
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each of the layers of the tubes investigated was withdrawn and all evapo- 
rated at once under reduced presfure. From the weights obtained partition 
coefficients as well as total weights could be calculated. The results are 
shown in Fig. 3. 

Tubes 0 to 3 contained an impurity which represented about 2 per cent 
of the starting material. This impurity showed a low antibiotic activity 
of about 250 units per mg. and probably contained a p-hydroxybenzyl type 
of penicillin. When an attempt was made to fit a theoretical curve on the 
main band, very good agreement was obtained until about Tube 13 was 
reached, but from this point on a small divergence was apparent. That 
this divergence was real was shown by the fact that the partition coefficients 
from Tubes 6 to 13 all agreed, but increased with Tubes 14 and 15. 

A sample of the crystalline sodium salt of A?-pentenylpenicillin was dis- 
tributed in exactly the same system as was benzylpenicillin. Twenty-four 
transfers were applied (Fig. 4). The material occurring in Tubes 0 to 4 
inclusive comprised about 6 per cent by weight of the total and showed no 
antibiotic activity. With the main band a small divergence from a theo- 
retical distribution was apparent. ‘This divergence occurred on the left 
side of the diagram, contrary to the experience with all the crystalline 
preparations of benzylpenicillin thus far examined. Comparison of the two 
distributions raises the suggestion that perhaps the crystalline benzvlpeni- 
cillin preparations were contaminated with a few per cent of the A*-pen- 
tenylpenicillin species, whereas the preparation of A?-pentenylpenicillin con- 
tained a few per cent of the benzylpenicillin type. This could be perfectly 
possible without the fact being revealed by carbon and hydrogen analysis. 

When the tubes from the peak of the band were treated with excess tri- 
ethylamine and evaporated to dryness, a residue was obtained which, when 
moistened with acetone, and ether cautiously added, crystallized readily. 
The erystals were very well formed, stout, glistening columns which, how- 
ever, did not show a sharp melting point. The substance melted in the 
range of 90-110°. The analytical data did not agree well with the caleu- 
lated values, and perhaps a hydrate is indicated. 

Calculation of the partition coefficient from the position of the maximum 
(8) gives the figure of 1.18 for 4?-pentenvipenicillin at 5° and in the system 
used. ‘This is slightly higher than the partition coefficient 1.10 determined 
on the starting material. The diserepancy could easily be due to the 6 per 
cent of inactive material present in the original sample. The caleulated 
value for benzylpenicillin (from the position of the maximum, Fig. 3) is 
0.75. The ratio of the two partition coefficients, 1.57, gives a ready index 
of the difficulty of separating the two penicillins in the ether-phosphate 
system. Had the slope of the curve for benzylpenicillin in Fig. | been of 
the same order as that for plasmochin, then the separation of bands for 
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such closely related penicillins as benzylpenicillin and A*-pentenylpenicillip 
probably could be achieved with fewer transfers. Although it would be : 
highly desirable to find a system which would give a higher ratio, a number 
of experiments along this line have thus far been unsuccessful. Severg] 
other systems have instead brought the constants closer together; in the 
case of ethyl acetate for the organic solvent a slightly higher coefficient fo, 
benzylpenicillin than for A?-pentenylpenicillin was even obtained. Further | 
experiments will be made along this line when more A*-pentenylpenicillin 
becomes available. 
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curve; @ = calculated curve. 
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weight curve; X = optical density at 280 mu; @ = calculated curve. | 
t Fic. 6. Distribution pattern of n-heptylpenicillin; O = experimental weight — 
§ A sample of the crystalline sodium salt of p-hydroxybenzylpenicillin was 
f studied. Preliminary investigation of the partition coefficient of this peni- 
cillin in the system used for the runs thus far shown revealed a value inthe — 
: neighborhood of 0.1. Since this figure is not the optimum constant for | 
4 obtaining the maximum information concerning homogencity in the small- 
{ est number of transfers, a more concentrated buffer was used to raise the 
t value of the constant. 
4 3 mM buffer was prepared which contained 372 gm. of NaH.PO,-H,O and 
: 52.2 gm. of KzHPO, in a liter of solution. This buffer has not thus far given 
trouble by crystallization during a run at 5’. 
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A routine twenty-four transfer distribution with 100 mg. of material gave 
the curve shown in Fig. 5. In this distribution the weight of material in 
each tube was determined by evaporating a 2 ce. aliquot, and the curve 
was also determined by measuring the extinction at 280 my. Aside from a 
few per cent of extraneous material occurring in Tubes 16 to 24, a slight 
divergence from the theoretical distribution occurred at Tube 6. The en- 
tire extinction curve, however, was somewhat displaced toward the left. 
Such a distortion could be caused by a small amount of impurity occurring 
in a band with maximum at 6 and having a higher extinction coefficient 
than p-hydroxybenzylpenicillin at 280 mu. 

The remainder of the material in the ether of Tubes 8 to 12 inclusive 
was treated with triethylamine. An amorphous precipitate was formed 
immediately. ‘The solvent was quickly evaporated tn racvo from the pre- 
cipitate, and the residue was taken up ina small volume of acetone. Cau- 
tious addition of a little ether and seratching induced erystallization. After 
the mixture had cooled overnight, the thin leaves were collected by means 
of a centrifuge filter. This vielded 41.7 me. of material with the melting 
point of 126-136°. 

CeHyO.N.S. Caleulated, C 58.51, H 7.38; found, C 58.21, H 7.21 


A sample of the crystalline sodium salt of n-heptylpenicillin (penicillin K) 
was studied. Neither of the buffers used for the other penicillins was 
suited for the most precise characterization or investigation of homogeneity 
of this penicillin, since both gave partition coefficients in too high arange. 
Iw buffer at pl 5.50 was found to be suitable. ‘This buffer was prepared 
to contain 110 gm. of and 34.8 em. of Kell PO, in a liter of 
solution. 

A routine twenty-four transfer distribution with 100 mg. of the material 
gave the curve shown in Fig. 6. The first transfer gave an emulsion which 
did not separate well, and the layers were separated by centrifuging the 
glass tube. Four transfers were done in individual glass tubes, and at this 
point the layers separated satisfactorily. All were transierred to the ma- 
chine after the pure solvent in the corresponding tubes had been withdrawn, 
and the distribution was continued in the machine. A lapse of 5 minutes 
time was allowed for separation of the layers. ‘The amount present in a 
given tube was determined by evaporation to dryness after freezing out the 
water in dry ice. 

Tubes 13 and 15 were treated with excess triethylamine. No precipitate 
vecurred. On standing and scratching, crystals gradually formed, and an 
almost quantitative yield of well formed rods were obtained. This material 
appeared to give the best melting point of a triethylammonium salt of any 
penicillin thus far studied. It melted at 110-113°, the values depending 
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somewhat on the rate of heating. It was dried for analysis at room tem. 
perature at 0.2 mm. pressure. 


CeHgO 8. Caleulated, C 50.55, 9.33; found, C 59.83, H 10 


From the curve it is obvious that the original sample was not homo. 
geneous, and it is difficult to estimate exactly the percentage of the single 
major constituent. The materials oecurring both to the right and to the 
left of the central band were all active as antibiotics and probably repre. 
sented substances as yet not characterized. However, the partition eo. 
efficient caleulated from the maximum point of the distribution probably 
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Fic. 7. Distribution pattern of mixture of four different penicillins; O = weight 
in mg. of triethylamine salt; @ = optical density at 260 my; solid line represents 
calculated curves; the dash line the caleulated curve for one substance A = 09. 


is fairly reliable for use in characterizing the so called n-heptylpenicillin. 
It would appear to be 1.4 for the system and temperature used in the run. 

A fair idea has now been obtained of the way these individual pemienllins 
behave in the systems described, even though the samples used have been 
somewhat short of 100 per cent homogeneous. Whether or not their pres 
ence together in the same sample in substantial quantities would affect the 
relative positions of the bands is a question which is all-important if the 
method is to be used in characterizing penicillins. To answer this question 
a distribution was made in which 50 mg. of each of the four shove crystalline 
sodium salts were added to Tube 0 at the start of the run. The result of 
this distribution is shown in Fig. 7. 
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The procedure used in this distribution was somewhat different from that 
used in the previous ones. It will be deseribed in full, since it involves a 
method of manipulation of the machine which has not as vet been deseribed 
in previous publications. In this run the machine was filled and twenty- 
four transfers applied as in the previous runs. At this point the upper 
layer of Tube 0 was over the lower layer of Tube 24 and will be called Tube 
0/24. The next tube in the clockwise direction was numbered 24,0. The 
lower laver of this tube contained the same buffer in which all the material 
was placed at the start of the distribution. The total material (both layers) 
in Tube 24.0 was withdrawn and numbered 0. It contained the materia! 
shown in Tube 0 of Fig. 7 and has had twenty-four transfers applied to it. 
Fresh equilibrated layers were then added to the empty tube of the machine 
and after equilibration an additional transfer was made. At this point the 
total material in Tube 0,0 of the machine was withdrawn and set aside. 
It contained the material which favored most the upper layer or had the 
highest partition coefficient. The previous tube withdrawn contained ma- 
terial with the lowest partition coefficient. The material now withdrawn 
had had twenty-five transfers applied to it and for purposes of plotting will 
be called Tube 38 in Fig. 7. 

Fresh layers were then added to the empty tube of the machine, and 
another transfer applied. The contents of Tube 0/1 of the machine were 
withdrawn. This material corresponded to Tube 1 of Fig. 7 and had 
twenty-six transfers applied to it. The empty tube of the machine was 
refilled and another transfer applied. The contents of Tube 1/1 of the 
machine were then withdrawn and labeled 37 for Fig. 7. This material 
has had twenty-seven transfers applied to it. On the next withdrawal, 
Tube 1/2 gave Tube 2 of Fig. 7, while the next after that, Tube 2/2, of the 
machine, gave 36 of Fig. 7. This process could of course be continued 
indefinitely until all the solute in the machine had been withdrawn, but was 
here continued only until the material remaining in the machine had had a 
total of thirty-eight transfers applied to it. The procedure just described 
will in the future be called the procedure of “alternate withdrawal,” and 
would appear to have considerable significance for the investigation of com- 
plicated mixtures. 

At the end of the process described, the material remaining in the machine 
was withdrawn and numbered Tubes 7 to 31 consecutively, as shown in 
Fig. 7, Tube 6/7 corresponding to Tube 7 of the pattern. All of these 
tubes had had thirty-eight transfers applied, and a theoretical curve for 
matching could be fitted to this portion, just as in the routine runs used 
previously. Tubes 0 to 6 (material with the low partition coefficient, like 
the p-hydroxybenzylpenicillin) have had progressively twenty-four, twenty- 
six, twenty-eight to thirty-six transfers applied, and we do not at the present 
time have adequate mathematics developed for rapidly obtaining the theo- 
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retical weight which should be in each tube. It will be noted that a break 
occurs in the curve of Fig. 7 between Tubes 6 and 7 to show the change of 
procedure. Similarly the material in Tube 38 in reverse order to Tube 32 
has had twenty-five, twenty-seven to thirty-seven transfers applied and 
contains almost all of the material of high partition coefficient, the n-heptyl. 
penicillin. 

Tube 37 readily gave the triethylammonium salt of -heptylpenicillin, 
as shown by analysis, crystalline form, ete. ‘Lube | gave the characteristic 
triethvlammonium salt of p-hydroxyvbenzylpenicillin. 

After withdrawal from the machine, addition of phosphoric acid, sepa- 
ration of the ether layers, and freezing in the dry ice jar, excess triethyl- 
amine was added to each of the tubes and the weight determined by 
evaporation to dryness. Evaporation to dryness of a triethvlammonium 
salt in this manner appeared to give little if any loss of biological activity, 
and the various types could readily be crystallized from the residue. 

The central broad band of Tubes 9 to 20 was not so clear cut at first 
glance. An attempt to fit a theoretical curve for a single substance resulted 
in the dotted curve shown, which is much too narrow. The next assumption 
from the symmetry of the broad experimental band is that it is composed 
of two substances in nearly equal amount. For such a case matching the 
experimental curve requires that a theoretical curve for each component 
must be found whose sum will fit the experimentally found curve. If the 
two are equal, it follows that the curves for the two components must inter- 
sect at a point midway to the maximum in Tube 18. The position of the 
maximum for each curve would then occur approximately at a point on the 
abscissa half way between this intersection and the point of the experi- 
mental curve at the same height (5.1 on the ordinate). This would approxi- 
mate 15.5 for Component A and 20.5 for Component B. These data are 
sufficient for two theoretical curves to be calculated from the mathematics 
of the binomial expansion (12). Only slight adjustment of the two taleu- 
lated curves places them so that their sum gives the theoretical curve to be 
matched with the experimental. 

That this analysis of the composition of the band is not far from the 
correct one was demonstrated experimentally by the fact that the erystal- 
line residue (the triethylammonium salt) from Tubes 11 to 14 agreed well 
in properties and in analysis for benzylpenicillin. The residue from Tubes 
23 to 26 did not crystallize directly, in agreement with the previous experi- 
ence with pure A*-pentenylpenicillin. However, these residues did erystal- 
lize under the same conditions which induced pure A*-pentenylpenicillin to 
crystallize and when seeded with that salt. Though the intermediate tubes 
crystallized directly, the melting points suggested mixed crystals even 
though the crystalline form appeared identical with pure benzylpenicillin. 
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Naturally a much better separation could have been achieved by application 
of more transfers, though for this it would be advisable to use more material 
at the star. 

The mathematical analysis was further supported by the curve showing 
optical density at 260 mz. The extinetion coefficient of benzylpenicillin at 
960 my is not a strong one, and the band plotted would appear to be slightly 
displaced toward the side of the S-pentenylpenicillin, due to overlapping 
by the absorption of the latter penicillin which shows an extinction one- 
third that of benzylpenicillin at 260 mg. ‘This illustrates a serious limitation 
of the use of absorption spectrum as an analytical method. 

That a reasonably accurate estimation of the relative amounts of benzyl- 
and 4?-pentenylpenicillin ean be derived in such closely associated bands 


Fic. 8. Calculated distribution pattern for hypothetical mixture; dash line = 
40:60 per cent mixture; solid line = 50:50 per cent mixture. 


ean be seen from Fig. 8. This chart shows the type of calculated curve to 
be expected from the sum of two curves of benzyl- and A?-pentenylpenicillin 
when present in the hypothetical proportion of 40 and 60 per cent respec- 
tively. 

Calculation of the partition coefficient from the maximum of 15.6 gives 
a figure of 0.7, while that of 20.4 gives the figure 1.16. The determined 
partition coefficients for benzyl- and A*-pentenylpenicillin respectively are 
0.75 and 1.18. The conclusion may therefore be drawn from these two 
curves and from the bands for p-hydroxybenzyl- and n-heptylpenicillin in 
Fig. 7 that the positions of the bands of the various penicillins are not 
greatly disturbed by the presence in the mixture of considerable quantities 
of other penicillins and that the constants established by study of the indi- 
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vidual ones alone are probably reliable in locating, for use in anv futur 
distribution, the positions of the bands of the four thus far studied. 

A number of attempts were made to study the use of ethyl acetate as 4 
solvent in this work. 1M phosphate at a pH of 5.12 proved to be a suitable 
buffer for benzyl- and A*-pentenylpenicillin. A summary of the results ix 
given in Fig. 9 of a routine twenty-four transfer run made with benzylpeni- 
cillin in the same way as with ether. The main band agreed well with the 
calculated curve and one would ordinarily suspect a considerable amount of 
inhomogeneity in Tubes 0 to 6. The material in these tubes had very little 
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Fic. 9. Distribution pattern of benzylpenicillin. O = optical density at 269 my 
@ = optical density at 320 mg; X = experimental weight curve; O = calculated 
curve. 


antibiotic activity. Upon further examination the suspected inhomoge- 
neity was found to have a very low partition coefficient, much too low for it 
to migrate as far as Tube 5or6. A discrepancy is thus evident, ond trans 
formation of some sort during the run would be suspected. That this 
indeed was the case was shown by taking the material from Tubes 10 to I, 
isolated as the crystalline triethylammonium salt, and distributing it again 
as in the original run. Again approximately 15 per cent of the same ma- 
terial appeared in Tubes 0 to 9 inclusive. 

Attempts to distribute p-hydroxybenzyl- and *-pentenylpenicillin in 
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ethyl acetate both gave a similar result. It is thus evident that the par- 
ticular ethyl acetate at hand was not satisfactory for studying penicillin in 


Whether or not a specially 
wetate would fail to cause inactivation ean only be surmised 


future. 


From the above results it appeared possible to set up standards and 


constants which would be helpful in analyzing commereial penicillin prep- 
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Fic. 10. Distribution pattern of commercial penicillin; O = weight curve, @ 
caleulated curve for a single substance. 


arations for clinical use as well as in definitely characterizing a particular 
penicillin. Several routine distributions have therefore been made on 
commercial penicillin preparations available at the time the work was 
being done. Most of these were amorphous. None had activity against 
Staphylococcus aureus less than 1000 units per mg. Four representative 
distributions of these runs in ether-2 m buffer at pH 4.8 are given in Figs. 10 
to 13 inelusive. 

The preparation shown in Fig. 10 had almost all its activity in the benzyl- 
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penicillin band but contained active material in the A*-pentenylpenieillin 
region, and probably contained approximately 5 to LO per cent of the latter. 
Tube LL of the main band gave readily the triethylammonium salt of ben- 
zylpenicillin, ss shown by melting point, solululitw, ervstalline form, and 
analysis. ‘The material in Tubes 0 to 2 as well as in Tubes 22 to 29 showed 
no antibiotic activity. As can be seen from the chart, the method of 
alternate withdrawal was used in this distribution. 
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Fic. 13. Distribution of a commercial preparation of supposed high n-heptyl- 
penicillin content. 


The distribution of Fig. 11 was run in exactly the same way, but showed 
a much more complicated picture. small amount of crystalline triethyl- 
ammonium salt could be isolated from ‘Tube 13, and presumably this is 
benzylpenicillin. The height of the curve at the position between Tubes 
12 and 13 gives readily the maximum percentage of benzylpenicillin which 
could be present in the sample, since this point would correspond to the 
maximum of the benzylpenicillin band. A calculated curve for benzyl- 
penicillin should have a height at the maximum of 16.4 mg. The sample 
could not have, therefore, more than 11 per cent of benzylpenicillin in it, 
but probably contains somewhat less. 
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At least one other penicillin is present in the central overlapping band 
but, since this is too far displaced toward the right for A*-pentenyl penicillin 
itself (this maximum should occur at 16), it is probable that another pen. 
cillin or a mixture of A*-pentenylpenicillin and another penicillin is present. 
The high band to the right of Tube 24 is active antibiotically and contains 
material occurring in the n-heptylpenicillin region. The number of 
different penicillins present in this band has not been determined, but jt 
would appear to represent more than 50 per cent of the total activity, 

Fig. 12 would appear to be rather clear cut and to show practically no 
inactive material inthe sample. It would appear to contain approximately 
90 per cent of benzylpenicillin. “Tube 9 readily gave the triethylammonium 
salt which agreed in melting point, solubility, crystalline form, antibiotie 
activity, and analvsis with the triethvlammonium salt of benzylpenicillin, 
Apparently there is present about 3 per cent of a n-heptyl type and 2 per 
cent of a partially active p-hydroxybenzyl type. 

Fig. 13 again showed a much more complex picture and was rather simi- 
lar to Fig. 11, except that it showed antibiotic activity in the p-hydroxy- 
benzylpenicillin region. In this run triethylamine was added to each tube 
before evaporation. The only residues which crystallized directly were 
those in the benzylpenicillin band. The shape of the broad central band 
could scarcely be caused by benzylpenicillin and only one other penicillin. 
A minimum of three different antibiotics was most likely present in those 
tubes. A considerable amount of activity was also present in the large 
n-heptylpenicillin band occurring in Tubes 26 to 30 inclusive. 

In order to learn something of the nature of the material in Tubes 26 
to 30 another distribution was started in the same system in which more 
material was taken at the start. Only a few transfers were applied, but 
sufficient to separate most of the rapidly moving band in the end tube. 
The ether layer of this end tube which was 8 ec. in volume was then in- 
troduced as the upper layer in Tube 0 of a machine run which had been 
previously prepared by filling the apparatus with the system ether-l 
phosphate at pH 5.50. A routine twenty-four-stage distribution then 
gave the pattern shown in Fig. 14. Triethylamine was added before 
evaporation of each tube. 

The material in Tubes 0 to 5 was probably the same as material occurring 
in the central tubes of Fig. 12 and was not examined further. ‘The central 
band was much too wide to be formed from a single substance and con- 
tained at least two. Further, the approximately equal antibiotic activity 
of ‘Tubes 10 and 18 indicated that a minimum of two antibiotics was present. 
Only Tubes 13 and 14 would crystallize under conditions favorable for 
the crystallization of the triethylammonium salt of n-heptylpenicillin 
and when sceded. This is the region of the maximum of the n-heptyl 
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penicillin band. The material which resulted in Tubes 18 and 19 would 
to be an antibiotic not as vet described. 

Considerable material appeared in Tubes 22 and 24 which was active 
antibiotically. Its nature and complexity would also appear to be un- 
known. 

A certain amount of interest would appear to be attached to the in- 
formation to be derived from Figs. 13 and 14, since they establish the 
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Fic. 14. Pattern of the redistribution of the n-heptylpenicillin band from Fig. 13. 
T. E. A. salts = triethylammonium salts. 


fact that this particular penicillin preparation is quite heterogeneous with 
at least seven different penicillins being indicated in appreciable amounts. 
No single species could comprise more than 15 per cent of the total. This 
is a particularly interesting conclusion in view of the fact that this prepa- 
ration was furnished us with the suggestion that it contained approximately 
76 per cent of n-heptylpenicillin, as based on differential assay. 

There would seem to be no doubt that the method of differential assay 
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has its value in estimating the relative amounts of penicillins when only 
two of the individual penicillins are known to be present and the identity 
of the two is known. This of course greatly limits its application. The 
method, however, when combined with the method of counter-current 
distribution, should make a very informative tool for the investigation of 
crude penicillins, since the latter method usually furnishes the preliminary 
simplification required for the first. This is a point we hope to follow fur. 
ther as opportunity presents itsell. 


It is only to be expected and is definitely indicated trom Figs. 13 and 14 


that the penicillins to be encountered in an amorphous preparation are by 
no means restricted to the four most common types. For this reason basic 
studies similar to the type reported in this paper will probably always be 
required, to deal with the problem intelligently. 
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IDENTIFICATION OF SMALL AMOUNTS OF ORGANIC 
COMPOUNDS BY DISTRIBUTION STUDIES 


Vo CALCULATION OF THEORETICAL CURVES* 


By BYRON WILLIAMSON LYMAN CRAIG 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


‘Reeeived for publication, December 13, 146) 


The method of counter-current distribution for the purpose of fraction- 
ation, detection of inhomogeneity, or the characterization of an unknown 
compound has been described in several previous publications (1-3). Be- 
cause of the nature of the process and the attainment of essential equilib- 
rium at each step, the results are particularly adaptable to exact mathe- 
matical interpretatron or analysis for any particular procedure chosen. 
Such mathematical interpretation is useful from the standpoint of regular 
practice as well as in understanding the underlying nature of such «a proe- 
ess, and therefore is deserving of considerable attention. It is the purpose 
of the present treatment to deal with one phase of the interpretation, 
namely that of a machine distribution when nothing is withdrawn from the 
machine until the desired distribution is finished (Procedure | (1), or with 
the procedures given in the two later papers (2,3)). These represent per- 
haps the simplest of all counter-current procedures and sre therefore the 
most easy to interpret mathematically, since they require only the direct 
application of the binomial expansion (4) (V+ ))*, where Y is considered 
the fraction being transferred in the upper laver or A) (A +1) in terms of the 
partition coefficient and for equal volumes of the two phases. NX is then 
the fraction remaining in the lower laver, A) (A +1) orl (A+1). The 


expansion is therefore 
K+1 K+1 


Onee such an actual distribution with a solute, homogeneous or otherwise, 
has been reached, the results can best be followed or interpreted by plotting 
a distribution curve. This curve is drawn by plotting the total amount of 
substance in each tube or cell of the machine versus the consecutive numbers 
on the tubes. Highly useful deductions can then be drawn from the 
general shape of the curve and the number of maxima obtained. For the 
proper interpretation of the curve, the theoretical distribution of a single 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientifie Research and 
Development and The Rockefeller Institute for Medical Research, 
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pure substance having the same partition coefficient as the component jp 


question is necessary and can be calculated directly from the binomig! | 


theorem. In this paper several simple and rapid short cuts are presented 
for the calculation of such theoretical distributions when the partition 
isotherm is a linear one. 

The calculation of theoretical curves by a method of approximation has 
been referred to previously in the papers mentioned above. Llowever, 4 
direct application of the binomial expansion is necessary, when applied to 
relatively few transfers such as in eight transfer distributions, and for the 
higher distributions in which Tube 0 (or the highest tube) contains ap- 
preciable material. As the calculation depends only on the knowledge of 
the value of the partition coefficient of the pure solute in the system em. 
ployed, methods of finding this value will be discussed later in the paper. 

The problem presented is the calculation of the fraction of the pure ideal 
solute present in each of the tubes (both layers combined) after the dis. 
tribution has been effected. From a step by step analysis of the binomial 
theorem, one is able to establish a table of general terms, Table I, giving 
the fraction of the original solute present in each tube at every stage of the 
analysis as a function of the partition coefficient, A! The terms of Table] 
are those from the binomial expansion 


K+1 K+1 


Any single term, 7,,,,, may be calculated directly from the mathematies 
of the binomial theorem, as given in Formula 1. 


T’.., 18, therefore, the fraction of the original substance present in the 
Tube r in a distribution of n transfers or plates. A is the partition coefh- 
cient, or distribution constant, and is always detined as the concentration 
of solute in the upper phase divided by the concentration of solute in the 
lower phase. Thus formula (1) may be used to calculate a theoretical 


distribution for any given partition coefficient. For an eight transfer — 


distribution, n = Sand r = 0, 1, 2,---S, nine values must be ealeulated; for 
a twenty-four transfer distribution, » = 24, r = 0,1,2,---24, twenty-five 
values must be calculated. 


! All formulae derived in this paper will apply only to distributions in which the 
upper phase migrates, as in a machine distribution. They will apply to distributions 
in which the lower phase migrates if 1/K is substituted for A. Also the volumes of 
the two phases are assumed to be equal. When they are not equal, the calculation 
may be done by substituting the product K X r wherever A is used. + in this case is 
the ratio of the upper and lower volumes. 
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Rather than calculate each value independently from equation (1) 
more rapid methods are possible which in principle determine only one temp 
directly and caleulate all other terms from this one. For a specific eg. 
pansion, given value of n, adjacent terms of the OX are Very 
simply related to one another. This is evident upon examination d 


Table 1, ¢.g. 
= NS) 
= SAT, 


T. = “KT, ote 


In general terms, the rth term ts related tothe (r— and the 
term by formulae (3) and (4) respectively. 


T. = FRT,.1 
K ret 4 


where = (n+1—r)/rand F’ (r+1) (n—r). 

For eight and twenty-four transfer distributions the factors F and F' are 
given in Table IL. A direet application of the use of these factors is dix 
cussed later in this paper. For eight transfer distributions in which the 
lower phase migrates, a further convenience results if a series of nine graphs 
are plotted from equation (1), (1/A substituted for A) with 7, as the 
ordinate and A as the common abscissa, for values of r = 0,1,2,---& 
From these graphs one is able to read all nine values, one from each curve, 
for anv value of A, and hence obtain the theoretical concentrations ins 
very few minutes. These curves are given in Fig. | tor values of K from 
to 2.50. 

As 7, is the fraction of the original solute in Tube r, it is numerically 
equal to the amount of solute in gm. only provided the experiment was 


begun with | gm. In general, experiments are not begun with a unit ! 


weight, so that to determine the actual amount present in Tube ¢ the value 
7, must be multiplied by the total weight of solute used. 

In applying these data to the interpretation of an actual distribution, 
ie. the fitting of a curve, it is well to emphasize the basic point, namely that 


for a pure solute and a given number of transfers the relative amount a | 
substance in each tube is fixed (assuming a linear isotherm). Thus in an 
inhomogeneity analysis, if the values of 7, are multiplied by the weight of | 
the inhomogeneous sample, the experimental concentration values for the 
tubes at the extremities of the distribution will exceed the theoretical ones 
by nearly the actual amount of the impurity present, while the theoretical 


Fraction m tube 


(1), 


Fraction m tube 


Fie. 1. Graph of eight transfer distribution for different partition coefficients 
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values for the central tubes will exceed the experimental ones by a pro- 
portional amount. 

The pure solute from the inhomogeneous sample will usually be cop. 
centrated in the tubes comprising the peak of the distribution, and it is thus 
valid to attempt to fit the maximum of the theoretical curve to that of the 
experimental one. Impurities are then quantitatively indicated by the 
deviations at the extremities of the two curves, the experimental valyes 
always execeding the theoretical ones by the amount of impurity present. 
This fit is xecomplished by multiplying all 7, values by the factor 7. /. 
Tmax., Where T'max, is the experimental value for the tube of max. 
imum concentration and Ty... is the theoretical value for this same tube 
on the basis of unity, ¢.c. as calculated from formula (1), or as read from 
Fig. 1. In the event the means of analysis does not result in the direct 
determination of the actual weight of substance in cach of the tubes (eg. 
spectroscopic analysis), the figures proportional to weight may be used. 

In practice, however, especially with distributions of more than eight 
transfers matching the theoretical curve to the experimental one is best 
accomplished direetly by the procedure now to be outlined. After deter. 
mining the experimental distribution, «a value is chosen near the peak of 
the distribution curve, preferably the maximum one, and, assuming this 
to lie on the theoretical curve, the other values composing the theoretical 
distribution are calculated by use of the factors F and F’. The use of the 
point near the maximum of the distribution curve involves the previously 
stated assumption that the solution represented by this point is that of a 
pure compound. 

If a distribution is attempted with a mixture of two substances whose 
partition coefficients are close together, for example a mixture of isomers, 
a clear separation may not result, and instead of obtaining a curve of two 
distinct peaks a rather broad, single peak may occur. In attempting to 
fit a theoretical curve to such a distribution, one must assume the existence 
of at least two substances and find two curves which, when added together, 
will give the experimental one. The application of this method to sterio- 
isomers, diasterioisomers, and other very closely related compounds is 
being undertaken and appears to offer promise. \Lethods for a more com- 
plete separation of compounds with nearly identical partition coefficients 
may also be found in variations of the standard distribution procedures. 
Such possible variations are being further investigated. ‘Twotypical curves 
are given in Figs. 2 and 3. Fig. 2 is that of an eight transfer distribution 
of a mixture of two compounds consisting of 90 per cent of Compound A 
(K = 1) and 10 per cent of Compound B (A = 10). Fig. 3 is a twenty-four 
transfer distribution of the same mixture, showing the increased separation 
rendered by the use of a greater number of transfers. In all cases in whieh 
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an applied theoretical curve will not coincide with the experimental one, 
| + is indicated by a dotted line. 

By use of the above methods, the theoretical distribution of a pure sub- 
stance can be determined exactly for any given partition coefficient. 


| © Experimental 
| Theoreticol 
M 
\ 
A 


\ 
\ 


Fraction of solute per tube 


Tube number 


Fie. 2. Pattern of eight transfer distribution 


> 


Fraction of solute per tube 


Fic. 3. Pattern of twenty-four transfer distribution 


Therefore in contrasting theoretical concentrations with those obtained 
experimentally in an inhomogeneity analysis, the partition coefficient of 
the pure substance must be determined. The ways in which this may be 
achieved are several. 

Direct Measurement. ‘The partition coeflicient as measured before the 
distribution is that of the inhomogeneous solute, and is consequently not 
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usable in the theoretical determination. The material in the tubes near 
the peak of the experimental distribution, however, should be the most 
nearly homogeneous, except in the case of an inhomogeneity with an iden. 
tien! or nearly identical partition coefficient. These solutions may thus be 
used to determine experimentally the partition coefficient of the pure solute. 
unless otherwise indicated by the shape of the curve. Direct measurement 
is always used in this laboratory to serve as a cheek on experimental pro. 
cedure or calculations, as well as on possible deviations from a. linear 
partition isotherm: but for use in the caleulation of a theoretical curve to 
be fitted A may be derived as given below, without the separate experi. 
mental determination. 

I ndircet Caleulation—When the tubes near the peak of the curve contain 
homogeneous material, this part of the experimental curve is representative 
of the true partition coefficient of the pure solute. Further, the form and 
position of this part of the curve are quite sensitive to the value of the 
partition coefficient, and herein lies the basis for several methods of de- 
termining this coefficient. Two are mentioned here. 

A previously reported application (1) of this principle is in the use of the 


formu: 
A 
\ n ( rs ) 5 


which detines the relationship between the position \V of the peak of the 
curve and the partition coefficient, A, where n is the number of transfers 
in the distribution. This formula assumes «a continuous function and is 
exact only if A is equal to unity or if there are an infinite number of transfers 
in the distribution. For distributions involving «a number of transfers 
greater than twenty, when the partition coefficient is near unity, the above 
formula is satisfactory in ordinary practice. Its disadvantages are 2-fold; 
namely, the abscissa of the peak of the curve, V, can only be estimated 
rather than determined accurately, and secondly, it cannot be applied te 
eight transter distributions. 

A second method of determining the partition coetheient from the region 
near the peak or from any other part of the experimental distribution curve 
utilizes the condition that the ratio of the concentrations in any two tubes 
is a specific function of the partition coefficient. The concentration in 
any one tube is a funetion of both the initial concentration and the partition 
coefficient. ‘The ratio of the concentrations in any two tubes, however, 
a function of the partition coefficient only, and is independent of the 
initial concentration. For example, in an eight transfer distribution, 
Ta Ts = 5 ACK). Hence 


K =[5/4(T/To 6) 
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Fie 4. Graph for determining partition coefficient 


In general, from equations (3) and (4), 


— 
A 


If the various ratios, 7,/7,.,. are plotted against A, straight lines will 
be obtained (Fig. 4) and from such graphs the partition coefficient can be 
read quickly and accurately. Thus through the use of the graphs of Figs. 
land 4 an eight transfer theoreties! distribution may be quickly calculated 
and applied. 
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The methods given in this paper for the calculation of theoretical curves 


will supersede in many instances the formula earlier derived for the caleu. 
lation of theoretical curves. Equation (1) is exact, while equation (9) is an 
approximation. Nevertheless, equation (9) is of interest because it permits 
easy calculation of curves for numbers of transfers higher than twenty-five, 
Further, it is apparent that very close approximations may be made with 
this type of mathematical calculation. In Fig. 5 curves for A = 0,707 


18 
K+ .707 
1 A 4* binomial expansion - Formula 1 
j 4 ©* epproximation - Formula 9 


24 plate 


Fraction of solute per tube 


Tube number 


Fic.5. Agreement of calculation with the exact calculation and the approximation 


are given for twenty-four and forty-eight plate distributions calculated 


exactly by formula (1) and by the approximation of formula (9). The 
constant a, which was derived empirically, approaches 2 for either large 
or small coefficients, since it is equal to 211/AK+1). Here the recipro- | 
cal of K, 1/A, must be used when K is greater than 1. Thus equation 
(9) becomes equation (10) 


| 


y= 


"(K +1)?" 


where y is the ordinate or the fraction of the substance in the tube | 
in question, K is the partition coefficient, n is the number of transfers, and 
z is the number of tubes between the one in question and the maxima. 
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Thuswhen zis0, yisthe maximum. Equation (9) isin accord with previous 
equations (5) for this type of calculation and coincides with the curve of 
error. 

Our theoretical considerations have thus far been restricted to the sim- 
plest possible type of manipulation of the machine. In this no attempt is 
made to prevent the band from spreading or otherwise to modify it, such as 
periodic withdrawal of certain fractions, evaporation to dryness, and return 
to the preceding tube would achieve. This latter procedure offers the 
possibility of one way of introducing « principle with the same effect in our 
machine that the principle of reflux has, as used in fractional distillation. 
Also the periodic withdrawal of certain fractions offers itself certain in- 
teresting possibilities. It is our intention to discuss these approaches in a 
forthcoming paper when more experimental data are at hand. 


SUMMARY 


Methods for rapid and accurate calculation of theoretical curves for use 
in the “counter-current distribution’ method have been presented. 


BIBLIOGRAPHY 


1. Craig, L. C., J. Biol. Chem., 156, 519 (1944). 

2. Craig, L. C., Golumbic, C., Mighton, H., and Titus, E., J. Biol. Chem., 161, 321 
(1045). 

3. Craig, L. C., Golumbie, C., Mighton, H., and Titus, E., Science, 103, 587 (1946). 

4. Martin, A. J. P., and Synge, R. L. M., Biochem. J., 35, 1358 (1941). 

5. Rietz, H. L., Mathematical statiaties, Chicago, 34 (1027). 


es 
| 
| 
a 
4 
| 
| 
| 
4 
a 
a 
4 
| 
a4 


4 


| 
| 


FLUOROPHOTOMETRIC ESTIMATION OF STILBAMIDINE 
IN URINE AND BLOOD 


By ABRAHAM SALTZMAN* 


(From the Second Medical Service of Dr. I. Snapper, the Mount Sinai 
Hospital, New York) 


(Received for publication, March 14, 1947) 


Stilbamidine (4 .4’-diamidinostilbene) has been introduced by Yorke and 
his colleagues (1) a= «a powertul chemothera eutic agent for the treatment 
of trypanosomiasis, kala-azar, and babesiasis. It has also been experimen- 
tally used in the therapy of purulent arthritis (2), simian malaria (3), and 
most recently in multiple myeloma (4). \ method for the estimation 
of this drug in biological fluids is of importance and is the basic requirement 
of any study with stilbamidine. Direct application of physical methods, 
ie. fluorescence or ultraviolet absorption, while highly desirable because of 
their sensitivity and specificity, results in inaccurate readings because of 
the presence in biological fluids of interfering substances. In the method 
to be presented stilbamidine is first separated quantitatively by an ion 
exchange column of Decalso (suggestion of Dr. Oliver Lowry), and then 
eluted and measured with a fluorophotometer. The method also has the 
advantage that a preliminary precipitation of plasma proteins is not neces- 
sary. 

Principle— stilbumidine exhibits « brilliant blue fluorescence when ex- 
posed to ultraviolet light and this property ean be used for its estimation. 
The fluorescence is measured by a photometer after separation from other 
fluorescent materials. The fluid to be examined is placed on a column of 
Decalso for adsorption. The column is washed free of impurities with 
large volumes of hot water. Elution ts carried out with a 0.2 ~ HCI-50 
per cent ethanol mixture, which is more efficient than the usual HCl 
KC] mixture. The small blank value for the urme is then reduced by 
strong acidification of the eluate. After a specific time interval the eluate 
is measured in a fluorophotometer. 

Reagents 

|. Deealso, 50 to SO mesh, washed before use with 3 per cent acetic 
acid followed by distilled water and drving. 

2. Silica sand, fine granular. 

3. Eluting mixture, equal parts of 04. s HCL and 95 per cent ethanol. 

4. Hvdrochlorie acid, concentrated. 


*Assisted by a fellowship from the Emanuel Libman Fellowship Fund 


4 
Se 


700 ESTIMATION OF STILBAMIDINE 


Method of Analysis 


Stilbamidine is photolabile in aqueous solution, necessitating the per. 
formance of all stages of the method in dim arti icial light or in the dark, 
Adsorption c.lumns were made from ordinary glass tubing 9 mm. in diam. 
eter, With 20.5 mm. hole at the bottom. They should be at least 10 inches 
long and preferably with a funnel top. A few grains of silica sand are 
added to the column which is wetted with a drop of water applied to the 
bottom. Decalso is added until a column 6 inches in length is formed, 
Gentle tapping of the tube assures uniform distribution of the Deealso. 

Urine samples are collected in dark bottles. Measure 5 ce. of urine 
(containing | to 30 y of stilbamidine per ec.) into the column and allow 
adsorption by gravity. It is advisable to check adsorption by a momen- 
tary exposure to a weak source of ultraviolet light. 

Wash the column with 60 cc. of hot water, using gentle suction. Dis- 
card the water. Elute with three portions of 4 ce. of eluting mixture and 
collect in a 25 cc. volumetric flask. This step is done without suction. 

Add | ce. of concentrated HCI to the solution in the flask, dilute to the 
mark with distilled water, mix, and place in the dark for 15 minutes before 
measuring the fluorescence. 

Standard Sclutions—The stock standard is a 30 mg. per cent aqueous 
solution of stilbamidine isethionate. ‘This is stable in the dark at room 
temperature, losing only 2 per cent per week. Of this solution 0.1, 0.3, 
and 0.5 ec. are carefully measured into 25 cc. volumetric flasks. 12 ce. 
of elution mixture are added to each flask and mixed. Then 1 ce. of con- 
centrated HCl is added and the solution made up to the mark with distilled 
water. After mixing, exactly 15 minutes should elapse before the fluo- 
rescence is measured. Standard solutions in water are not comparable, 
as they have only two-thirds of the fluorescence of those containing 
alcohol. 

Reagent Blank—12 cc. of elution mixture and 1 ec. of concentrated hy- 
drochloric acid are made up to 25 ee. with distilled water. 

Fluorometric Measurement—An instrument containing a balance photo- 
cell and bridge circuit is required for stable, reproducible readings and 
linear response (Lumetron'). The fluorescence is measured with the 
usual primary and secondary vitamin B, filters, and a wire screen which 
cuts down the intensity of the measuring beam about 70 per cent. After 
the Lumetron has warmed up, the secondary standard (1 y per ce. of quinine 
sulfate in 0.1 N sulfuric acid) is set at 50 and the reagent blank at 0 with the 
zero suppressor control. If the 15 ce. sample holder is used, 12 ec. aliquots 
are pipetted into the sample holder. 


1Photovolt Corporation, New York. 
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EXPERIMENTAL 


The fluorescence of stilbamidine deteriorates rapidly during measure- 
ment, probably owing to saturation of the ethylene linkage (5). The 
deterioration experienced under our conditions of measurement is given 
in Fig. 1. It is seen that the greatest rate Of change of fluorescence is in 
the Ist minute. If one exposes the solution to be examined for exactly | 
minute before taking a reading, reproducible measurements can be made 
with a variation of 2 per cent or less. The disadvantage of reading the 


Minutes 


Fic. 1. Galvanometer readings of stilbamidine fluorescence 


fluorescence after a longer period of time is that the fluorescence of the 
blank does not change, so that proportionately it becomes greater. 

A graph of the values for the fluorescence of the standard solutions forms 
a straight line for the low concentrations measured (Fig. 2). It can be 
noted that a reading of 60 is obtained when 0.09 mg. of stilbamidine ise- 
thionate was present in the original 5 cc. aliquot of urine, the blank on the 
urine without stilbamidine being, on the average, about 2. By this method 
the drug content of the urine or other biclogical fluids can be measured 
accurately down to | y per cc. of fluid tested. 

Recoveries averaging 87 per cent were obtained in experiments in which 
stilbamidine was added to 5 ce. samples of urine (Table I). The average 
deviation of a single determination was less than 2 per cent. This is a 
satisfactory result for a method employing Decalso, the loss being due to an 


inseparable, permanently adsorbed fraction. 
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I 
Recovery of Stilbamidine Isethionats 
Stilbamidine added Per cent recovered* 
me. 
lrine | 
2 0.08 
4 
7 “4 
Ww 
| 
0.12 
0.12 
Plasma | 
2 
3 0.086 
4 0.06 


* After subtraction of the blank. 


Slide Wire Reading 


Stilbamidine Isethionate mg, 
Fic. 2. Fluorescence curve of stilbamidine 


Proteins need not be removed before placing the plasma on the Decals 
column. <A procedure similar to that for urine is applied to 2 ce. samples 
of plasma. The quinine standard is set at 100 and weaker standard solu- 
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tions are necessary. Blank values of plasma without stilbamidine are 
negligible. Recovery of stilbamidine added to plasma was the same as 
with urine (Table I). Culture media containing stilbamidine can be ex- 


amined in the same way. 
Comment 


The pharmacological and clinical studies of stilbamidine and other aro- 
matic amidines have been handicapped by a lack of suitable methods for 
the estimation of the amounts of these drugs in urine and blood. By mak- 
ing use of the two readily apparent properties of stilbamidine, adsorption 
and fluorescence, a simple and accurate method for the determination of 
stilbamidine in biologieal fluids was evolved. Recently a method has ap- 
peared for the fluorometnc determination of aromatic amidines based upon 
the reaction of the latter with glyoxal and benzaldehyde in alkaline aqueous 
solution with formation of fluorescent glvoxalidone derivatives (6). Al- 
though this is a definite improvement over previous methods employing 
glyoxal, it requires the separation of amidine from plasma proteins with 
either dialyzed iron or butyl aleohol, and for urine samples there are fre- 
quently (6) “extraneous compounds which inhibit the reaction of the aro- 
matic amidines with glvoxal and benzaldehyde.” Furthermore, the range 
to be measured (2 to 10 y of stilbamidine) is more restricted than with the 
Decalso method. 


SUMMARY 


A simple and accurate method of estimation of stilbamidine in urine and 
blood is given. The stilbamidine is separated from interfering substances 
by adsorption on a column of Decalso, which is then washed with hot water. 
Preliminary protein precipitation is not necessary. Elution is carried out 
with a hydrochlorie acid-ethanol mixture, which is further acidified to re- 
duce blank fluorescence. The characteristic blue fluorescence of the stil- 
bamidine is then measured in a fuorophotometer. 
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Pteroylglutamie acid, 
amino|benzovi|glutamie acid, on either chemical or eatalytie reduction at 


NH, 
Cll, OH 
CH | 
an acid pI is cleaved to vield a pteridine and p-aminobenzoylglutamie acid! } 
The reaction seems to be general for this group of compounds and is sug- ; 


gested as a basis for a chemical method for the determination of pteroylglu- 
tamic acid, its derivatives, and analogues. 

The method consists of reducing the compound with zine dust in 0.5 N 
hydrochloric acid. The aromatic amine is measured by the method of : 
Bratton and Marshall (1) before and after reduction. The difference 
between the two values multiplied by the appropriate factor is a measure of 


the pteroyl derivative present. et 

Method 
Apparatus -A photoelectric colorimeter is necessary to measure accu- . 

rately the color formed in the Bratton and Marshall procedure. An Evelyn Wy 
photoelectric colorimeter and a Beckman spectrophotometer have been ¢ 

Reagents—5.0 hydrochloric acid. 
Reagent grade of zine dust. t 

' Hutchings, B. L., Stokstad, E. L. R., Mowat, J. H., Boothe, J. H., Waller, C. W., 4 
Angier, R. B., Semb, J., and SubbaRow, Y., unpublished data. 3 
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0.5 per cent solution of gelatin containing 0.1 per cent benzoic acid as 4 
preservative. 

0.1 per cent solution of sodium nitrite. 

0.5 per cent solution of ammonium sulfamate. 

0.1 per cent solution of N-(1-naphthyl)-ethylenediamine dihydrochloride. 
This reagent is light-sensitive and should be kept in a brown bottle. 

0.1 per cent solution of p-aminobenzoic acid in 50 per cent ethanol, 


Procedure 


A general outline of the method, with pteroviglutamic acid as an example, 
follows. A solution containing from 0.5 to 3.0 mg. of pteroviglutamie acid 
is placed in a 100 ml. volumetric flask. To this flask are added approx- 
imately SO ml. of water, 10 ml. of 5.0 ~ hydrochloric acid, 1.0 ml. of a 0.5 
per cent solution of gelatin, and sufficient water to make the total volume 
100 ml. A sample of this unreduced solution, usually 2 ml., is removed and 
used for determining the free amine. If the original compound or erude 
product contains less than 2 per cent of free amine, an aliquot of the orginal 
solution must be used in order to obtain a readable color. 

The remainder of the solution is transferred to a 250 ml. krlenmever 
flask and reduced by the addition of from 0.5 to 1.0 gm. of zine dust. The 
umount of zine dust is not critical and can be conveniently estimated once a 
weighed amount has been used. After 10 minutes reduction, during which 
time the flask is shaken intermittently, the zine dust is filtered off and the 
amine is determined on 2 ml. of the filtrate by the following procedure: 
The sample is diluted to 6.6 ml. with water. To this solution are added, 
with thorough mixing, 0.4 ml. of 5.0 ~ hydrochloric acid and 1.0 ml. of 
sodium nitrite solution. After 3 minutes, 1.0 ml. of ammonium sulfamate 
solution is added and the decomposition of the excess nitrous acid is allowed 
to proceed for 2 minutes. At the end of this period, | ml. of N-(1-naphthyl- 
ethylenediamine solution is added. The color reaches a maximum in 5 
minutes and is stable for several hours. The color mav be measured at 
550 my in a Beckman or Coleman spectrophotometer or in a photoelectre 
colorimeter with a 550 may filter. The use of specially cieaned cuvettes 
decreases the tendency of bubbles of nitrogen gas to adhere to the sides 
of the cuvettes. | 

Since p-aminobenzoic acid, p-aminobenzoyiglutamic acid, and p-amino- 
benzoylglycine give the same molal color, it is reasonable to suppose that 
other peptides of p-aminobenzoie acid would give similar results. On the 
basis of this assumption p-aminobenzoic acid has been used as a standard 
in the Bratton and Marshall method. A response curve is constructed 
with from 5 to 20 y of p-aminobenzoic acid. This is necessary since the 
color intensity does not exactly follow Beer's law. 

Calculations —The difference between the amine obtained after reduction 
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and the amine obtained on the unreduced solution vields the combined 
amine present. This value multiplied by the factor, (molecular weight of 
pteroviglutamie acid) (molecular weight of p-aminobenzoie acid), gives 
the micrograms of pterovighitamic acid in the diluted sample. 


EAPERIMENTAL 


Extent of Reduction The magnesium salt of pteroyiglutamic acid was 
prepared by heating the free acid with magnesium oxide in the minimum 
amount of water. The solution was filtered to free it of excess magnesium 
oxide. On cooling, magnesium pteroviglutamate erystallized as needles. 
After three reervstallizations the magnesium salt was collected, air-dried, 
and then dried in a high vaewum at TIO) for 4 hours. 


Caleulated. © 46.2), 3.08. 19.90, Mg 7Al 
Found. £6.51. 46.44, 4.90. 3.70. * 1093, 10.76, 738,72 


When the compound was reduced under the conditions deseribed above, 
it was found to contain 0.00 per cent free amine as p-aminobenzoie acid 
and 28.25 per cent total amine. The difference between these two values 
multiplied by the factor, (molecular weight of 
p-aminobenzoie acid), gives a figure of 101.2 per cent. As the accuracy of 
the Bratton and Marshall determination is +2 per cent, the figures indicate 
that the reductive cleavage is essentially complete. 

An independent method of assessing the purity of the compound was 
based on a comparison of the extinction coefficients of the magnesium 
pterovighutamate with the value for pterovighitamie acid.. The E% 
value at 365 my for magnesium pteroyvighitamate was 184. When this is 
corrected for the magnesium and water content, the BE, value is 205.5. 
The value for a highly purified preparation of the free acid is 206. This is 
further evidence for the essentially complete reduction of pteroyiglutamie 
acid into its pteridine and aromatic amine components. 

Time of Reduction Samples were reduced for the lengths of time noted 
in Table 1. Maximum amine liberation occurred in less than 10 minutes. 
Further reduction, especially with certain samples of zine dust, led to 
somewhat lower values. This apparently arises from partial destruction 
of the aromatic amine that is formed on reductive cleavage (see below). 

Stability of p-Aminobenzoie Acid and p-Aminobenzoylglutamic Acid to 
Reduction p-Aminobenzoie acid and p-aminobenzoylglutamie acid were 
reduced under conditions similar to those used for the pteroyl derivatives. 
Definite destruction of the aromatic amines oceurred (Table I). The 
inclusion of gelatin in the reducing solution protects the amines from 
inactivation. The exact nature of this protective action is unknown. 
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Stability of Diazo Compound to Ligh? —A series of experiments was carried 


out in which p-aminobenzoyiglutamic acid was diazotized in red flasks : 


which were non-actinic, in ordinary glassware in laboratory light (slight 


Taste 
Effect of Time and Acidity on Reduction of Air Dried Pteroglglutamie Acid by Zine 


Aminobenzoic acid 


Time concentration 
Ist determination nd determinatica 
min. per cont per cont 
0.5 x HCl 
5 
10 — 
2.3 23.3 
10 25.3 27.4 
10 27.9 27.6 
10 | | 28.6 28.2 
10 | 27.9 2.0 
10 | CH,COOH .d 27.4 
27.0 


Il 


Effect of Gelatin on Stability of p-Aminobenzoie Acid and 
Acid to Reduction by Zine 


| Time of reue | Before reduc After reduction 


No gelatin With gelatia 
min. y per mil, y per ml. per al. 
p-Aminobenzoic acid 7.0 100 
45.6 us 
p-Aminobenzoylglutamic acid 10 103 92.3 103 


103 81.5 102 


sunlight), and in ordinary glassware in direct sunlight. The results are 
presented in Table II]. It is quite apparent that the p-aminobenzoyl- 
glutamic acid diazo compound is unstable to direct sunlight. Inordinary 


2 We are indebted to Dr. W. Seaman and Mr. J. T. Woods of the Caleo Chemical 
Division, American Cyanamid Company, Bound Brook, New Jersey, for the informa- 
tion and data pertaining to the instability of the p-aminobenzoylglutamie acid diazo 
compound to light and the fact that zinc amalgam will serve as a satisfactory reduc- 


ing agent. 
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laboratory light (no direct sunlight) the diazotization product appears to 
be stable. However, if there is a possibility of direct sunlight, the diazoti- 
zation and coupling should be carried out in non-actinie glassware. 

Stability of Pteroylglutamie Acid to Light— Since it has been shown that 
pteroyiglutamic acid is decomposed by light to vield p-aminobenzoyl- 
glutamic acid (2), the analytical procedures for this compound should be 
earried out in the absence of direct or indirect sunlight. 

Correlation with Biological Activily—I\n certain synthetic products the 
chemical method gives higher values than does microbiological assay. 
This is interpreted to mean that the isomeric 7-pteridyl compound is also 
reduced to yield an aromatic amine. The extent of reduction of the iso- 
meric compound has not been studied on a pure product. However, a 
comparison of the chemical values with the values obtained on microbi- 
ological assay serves to indicate the proportion of active isomer present. 


Taste Ill 
Stability of p-Aminobenzoylglutamic Acid Diaso Compound to Light 
Conditions of lighting | pg Aminob ylglutamic acid 
Red flask... ... 90.6 
Laboratory | o8.9 
Direct sunlight. | 56.9 


When only the active isomer is formed, there is complete correlation 
between the chemical and biological activity. 

Interfering Compounds Any compound that will give rise to an aromatic 
amine on reduction, which will develop a color in the Bratton and Marshall 
determination, will interfere. The distribution of such compounds in 
natural products is unknown. 

Interfering compounds in the crude products arising from syntheaie are 
the isomeric compound mentioned above and oxidized amines. The 
oxidized amines are removed by preliminary purification of the active 
compound. 

Utility of Method “The method is satisfactory with concentrates derived 
from natural sources when the content of the active compound is 5 per 
cent or greater. The method is entirely satisfactory for determining the 
potency of crude products derived from various synthetic reactions when 
only the naturally occurring isomer is present. 

When the method is used for the various derivatives or analogues, the 
desired factor is obtained from the following ratio, (molecular weight of 
analogue) ‘(molecular weight of p-aminoben zoic acid). 
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DISCUSSION 


Qn the basis that the reduction proceeds essentially to completion, the 
accuracy of the method is determined by the accuracy of the Bratton and 
Marshall procedure, which is +2 per cent. 

As the sensitivity of the colorimetric procedure is not great, the chemical 
method is of no value in determining the pterovighutamic acid content of 
natural materials unless the active compound is present at a concentration 
sufficient to give a readable color. 

Zine dust containing from | to 3 per cent copper has been used as the 
reducing agent. The reduction is somewhat more vigorous but offers no 
particular advantages over zinc dust alone. Zine amalgam (containing 
from 0.1 to 4.3 per cent zine) is a satisfactory reducing agent” In this 
modification the reduction is carried out for 30 minutes on a shaking 
machine. The values obtained with zinc amalgam are similar to those 
obtained with zine dust when gelatin is present but somewhat higher than 
the values obtained with zine dust alone. 

Only approximate values could be obtained for pteroic acid by the 
chemical method because of the extreme insolubility of this compound in 
acid solution. This is a specific rather than a general property of this 
group of compounds. 


SUMMARY 


A chemical method for the determination of pteroyiglutamic acid and 
related compounds is outlined. The method is based on the faet that 
these compounds are cleaved by reduction in an acid solution to vield a 
pteridine and an aromatic amine. The amount of aromatic amine formed 
during the reduction is determined by the method of Bratton and Marshall 
and is used as a measure of the pteroyl derivative present. 


It is a pleasure to express our appreciation to Mr. L. Brancone and 
coworkers for the microanalyses. 
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The modifications proposed in this paper permit the orginal Bates 
method (1) to be generally applied to the assay of tryptophane in proteins 
so that a simple, rapid, and accurate method for determining this amino 
acid is achieved. This is accomplished by developing the standard color 
in the presence of gelatin and by making certain changes in the concen- 
tration< of the reagents so that interference from evstine is eliminated. 


EN PRRIMENTAL 


In flucnee of Gelatin on Production of Blue Color’ When pure tryptophane 
was treated by the short procedure of Bates, more color was produced and 
fading was less rapid in the presence of gelatin than when no gelatin was 

Table | shows that maximum color was produced in the presence of 
gelatin when the time of development was between LO and 90 minutes. No 
greater color intensity could be produced when the NaNOs was increased 
from 0.2 ec. of 1.5 per cent to 0.2 ec. of 5 per cent solution. 

In the absence of gelatin, the color does not reach maximum intensity 
regardless of time, probably because of the destruction of tryptophane in 
strong HCl. ‘Table I indicates a color intensity 20 per cent greater for the 
standard to which gelatin was added. Accordingly, tryptophane values 
obtained by reading from a standard curve prepared without gelatin, as 
is the usual custom, are too high. 

The data were obtained as follows: 2 ce. of a solution contaming 0.3 
mg. of l-tryptophane (Merck) were added to each of twenty 100 ce. volu- 
metric flasks. 35 mg. of gelatin? were added to each of ten of these and 
dissolved by warming the flasks. Color was developed by the Bates 
method with the modifications deseribed later. Varying lengths of time 


' Sullivan ef al. (2) mentioned the instability of free tryptophane in acid solution 
and suggested protection by means of an amino acid mixture such as occurs in casein. 
Doty (3) added gelatin to the assay mixture without indicating a reason. 

* Wilson's pure food gelatin, porcine type. This product gave no color test for 
tryptophane when tested by the Bates procedure. 


ie 
d 
n 

: | 
4 
| 


712 DETERMINATION OF TRYPTOPHANE 


were allowed for color development, after which the solutions were made to 
volume with 50 per cent alcohol as suggested by Dr. Bates” The light 
transmission was observed in a Lumetron colorimeter, with a No. M550 
filter (maximum transmission 550 muy). 

Shaw and McFarlane (4) have stated that tryptophane combined in the 
protein molecule gives more color with p-dimethylaminobenzaldehyde 
than when free and that a source of error lies in the use of free tryptophane 
as a standard. The evidence suggests that free tryptophane may be 
employed if protected by a protein or a mixture of amino acids. 


Taste I 
Effect of Gelatin on Color Formation in p-Dimethylaminobenzaldehyde-Tryptophane 
Reaction 
Transmission 
Gelatin, 35 me. No gciatin 
ag min. per cent per cent 
5 60.0 62.3 
10 46.8 57.0 
15 46.5 4.6 
20 46.7 54.1 
25 46.5 4.5 
30 46.6 54.2 
60 46.9 54.9 
90 47.0 62.6 
120 47.6 67.2 
150 | 69.1 


49.0 


Influence of Cystine on Determination of Tryplophane in Proteins —Origi- 
nally this method was applied only to casein by Bates who dissolved the 
sample in 0.1 N NILOH or NaOH. Since some proteins cannot be dis- 
solved in this manner, it was necessary to employ alkaline hydrolysis. 

In our first trials 10 to 20 mg. of protein and 35 mg. of gelatin were boiled 
with 2 cc. of 5N NaOH for 2 hours. After cooling the hydrolysate to room 
temperature, color was developed by the method of Bates with 0.2 ee. of 
1.25 per cent NaNQOs, and tryptophane concentrations were read from the 
standard curve described below. 

Under such conditions, the tryptophane content of Labco casein and of 
crystalline bovine serum albumin (Armour) was found to be 1.32 and 0.30 
per cent respectively. While this value for casein is acceptable, the value 
for serum albumin is lower than that reported by Brand ef al. (5) who used 
the spectrophotometric determination of the isolated mercury compound 


? Private communication, 1938. 
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of tryptophane. When a longer time was allowed for color development, 
the serum albumin vajue was not increased. However, when hydrolysis 
was performed with | N alkali and the concentration of the NaNOs reagent 
was increased to 2 per cent, an average value of 0.57 per cent was obtained, 
which agreed with the value 0.58 per cent reported by Brand et al. 

The amino acid composition of bovine albumin as published by Brand 
et al. (5) indicates the presence of an unusually high proportion of cystine. 
Casein, which does not retard color formation under any condition, yields 
a very small proportion of cystine. 

When 5 nN NaOll and 1.25 per cent NaNO, were used,it was found (Table 
II) that cystine added to casein after hydrolysis in the proportion present 
in bovine albumin had no effeet, but when added prior to hydrolysis, it 
decreased color formation. Cysteine, however, decreased color formation 
when added after hydrolysis. 


Il 
Effect of Cystine and Cysteine on Color Development with Labco Casein* 


20 mg. of casein were hydrolyzed for 2 hours with 5x NaOH. Color was devel- 
oped with 0.2 cc. of 1.25 per cent NaNO». 


Substance added Time of addition | Tryptophane found 
None | 1.30 
Cystine, 1.2 mg. | After hydrolysis 1.28 
— | Before 0.53 
Cysteine, 1.2 mg. | After 0.62 


* The values are averages of two trials. 


Procedure for Asscy —10 to 20 mg. of protein (contain ng 0.1 to 0.4 mg. 
of tryptophane) and 35 mg. of gelatin are refluxed with 2 ce. of | N NaOH 
for 2 hours. Alter the mixture has cooled to room temperature, to cach 
sample are added with agitation 0.5 ce. of 2.5 per cent p-dimet! ylamino- 
benzaldehyde in 10 per cent H.SO,, 0.2 cc. of 2 per cent NaNQOs, and 28 ce. 
of concentrated HCl. The solutions are allowed to stand for 30 minutes, 
then diluted with 50 per cent aleohol to 100 ce., and read in the colorimeter. 
A reagent blank, containing all of the above reagents except the unknown 
and treated as described, is set at 100. From the per cent transmission, 
tryptophane concentration is read from a standard curve. This curve is 
established by means of a series of flasks containing 0 to 0.6 mg. of trypto- 
phane and 35 mg. of gelatin treated as described. The logarithm of the 
per cent transmission plotted against concentration gives a straight line. 

The results of tests of the recovery of tryptophane added to proteins prior 
to hydrolysis are shown in Table III. 
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Proteins Assayed —Nitrogen determinations are reported on the 


water-, and fat-free basis. 
Casein. Labeco casein, Lot LOSSS8; nitrogen content 15.0 per cent 


Recove: of Tryptophan Adds d to Proteins to Hludral 


The proteins were hydrolyzed 2 hours with LX NaOH Color was develope d with 
0.2 ce. of 2 percent NaNO,. 0.100 mg. of tryptophane added to the proteins 


Protein Tryptophane present Prvptophane fount 
mg. 
(‘asein 0.247 
Bovine albumin 0.116 


* The figures are averages of four trials 
IV 
Tryptophane Content of Animal 


Try ptophane 


leew r 


Protein 

thors Literature 

data 

per cent per coni 
Beef muscle. . 1.26 1.24.2 1.35.6 1.26 (S, 12, lo 
Lactalbumin...._... 2.36 2.1,7 2.77,§ 2.3,6 1.81 (7. 9. 10, 13. 
Beef fibrin........ 4.0 3.5, 3.51.7 3.7.§ 17, 
Bovine albumin 0.57 0.5s8¢ (5) 
Beef serum.... 1.55 1.7 (10) 
Ovalbumin.. 11.2 See (11, IS, 
Soy flour... 1.22; 1.0, 1.5§ (15, 17) 
‘protein 1.32; 1.8 (M7) 


* Reported on an ash-, water-, fat-free basis. The values are averages of four 
determinations. 
+ Moisture-, ash-free basis. 
t Moisture-free basis. 
§ 16 per cent nitrogen basis. 
per cent total nitrogen. 
© 16.07 per cent total nitrogen. 
** 15.12 per cent total nitrogen. 


Beef muscle. Beet shank, vacuum-dried and detatted with benzene; 
nitrogen content 16.2 per cent. 

Bovine albumin. — Crystalline serum albumin, Armour, Lot 45; nitrogen 
content 15.8 per cent. 
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Fibrin, lactalbumin, and beef serum. The same samples as previously 
reported by this laboratory (6). 

Ovalbumin. A erystalline product obtained through the courtesy of Dr. 
A. G. Cole, College of Medicine, University of Ilinois; nitrogen content 


14.4 per cent. 
Wheat gluten. From the Pure Gluten Food Company, New York; ni- 


trogen content 14.2 per cent. 
Soy flour (solvent-extracted) and soy protein (a-). Courtesy of The Glidden 
Company, Chicago, nitrogen content 9.4 and 15.4 per cent respectively. 
Tryptophane values obtained by this method for the preparations listed 
above are shown in Table [IV and the results compared with those reported 
by other workers. The agreement with values from the literature obtained 


by reliable procedures is good. 


DISCUSSION 


The Bates method for tryptophane, as modified herein, gives a rapid, 
accurate procedure for the colorimetric determination of this amino acid 
in proteins. Routinely, six samples can be assayed in 4 hours. 

The original method was applied only to proteins readily soluble in 0.1 N 
alkali. The method reported here is applicable to all ordinary proteins 
examined in our laboratory, including those which are not soluble in dilute 
alkali. 

Paradoxically, the original Bates method gives values for some proteins 
which are too high and for others too low. The high values appear to 
result from the instability of the tryptophane standard in acid solution. 
The low values are due to the effect of reducing substances produced during 
hydrolysis from excessive cystine in the sample. These effects are elim- 
inated by use of the present procedure. 


SUMMARY 


A simple, rapid method for the determination of tryptophane in proteins 
is described, involving the use of a modification of the Bates procedure. 

The tryptophane content of several proteins as determined by this 
method is reported. 
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THE EFFECT OF SUCCINIC DEHYDROGENASE ON 
DEUTERIUM-LABELED SUCCINIC ACID IN THE 
ABSENCE OF HYDROGEN ACCEPTORS 
By ERNEST O. WEINMANN,* MARGARET G. MOREHOUSE, 
anp RICHARD J. WINZLER 


(From the Department of Biochemistry and Nutrition, University of Southern 
California School of Medicine, Loa Angeles) 


(Received for publication, January 22, 1947) 


It is now well established that the oxidation of metabolites by living 
cells involves the passage of hydrogen or electrons or both along a series of 
oxidation-reduction systems. Oxygen enters this chain of reactions only 
at the terminal steps involving the cytochrome oxidase system. The 
mechanisms by which biological oxidations are carried out have been 
recently reviewed by Potter (1, 2) and by Ball (3). 

The fundamental type of reaction involved in the respiration chain is 
shown by the relationship 


dehyd nase 
SH, + P + AecH, 
Oxidizable Hydrogen Oxidized Reduced 
substrate acceptor product acceptor 


The oxidation of a substrate, thus, is accomplished by the removal of 
hydrogen atoms which pass to a hydrogen acceptor. This reaction pro- 
ceeds only in the presence of enzymes which are usually specific for the 
substrate and sometimes specific for the acceptor, such enzymes being 
classed as dehydrogenases. 

It is the purpose of this work to present data bearing on the problem of 
the mechanism of biological hydrogen transfer. For this study succinic 
acid dehydrogenase, an extensively studied enzyme typical of the dehydro- 
genase group, was selected, and use was made of deuterium to label the 
carbon-bound hydrogen atoms of succinic acid. 

The reaction catalyzed by succinic acid dehydrogenase is 


HOOC—CH,—CH,—COOH + Ace — HOOC—CH=CH—COOH + AccH, 


Methylene blue has most frequently served as the hydrogen acceptor for 
succinic acid oxidations in vitro. In order to study any direct transfer of 
hydrogen atoms in the above reactions, it would be desirable to label the 


* These data are taken from a thesis presented by Ernest O. Weinmann to the 
Graduate School of the University of Southern California in partial fulfilment 


of the requirements for the degree of Master of Science. 
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hydrogen atoms of succinic acid, and then, after incubation with an acceptor 
such as methylene blue, to isolate the acceptor and determine its deuterium | 
content. This is not feasible, however, since the removable hydrogens 
of quinoid dyes such as methylene blue are dissociable, and would not be 
expected to stay on the dye. The experiments were, therefore, planned 
and carried out in such a way as to avoid the oxidation of succinie acid, 
The exchange of deuterium and hydrogen bet ween the succinate and water 
and the influence of the enzyme upon this exchange were determined, 
In most cases no acceptor was added, but in a few experiments the effect 
of methylene blue on the hydrogen exchange was studied. 

Erlenmeyer, Schoenauer, and Siillmann (4) prepared deuterosuccinie 
acid and incubated it with succinic dehydrogenase in the presence of 
methylene blue. They found that the fumaric acid that was formed as 
well as the unchanged succinic acid contained a higher hydrogen to deu- 
terilum ratio than the initial succinic acid, and suggested that hydrogen 
exchange occurred from the leucomethylene blue. 


Methods | 


Preparation of Succinic Acid Dehydrogenase—The preparation of suceinie _ 
acid dehydrogenase was based on the procedures of Ogston and Green 
(5) and Schneider and Potter (6). Rabbit kidneys were homogenized 
with a few ml. of distilled water in a test-tube homogenizer (Potter and 
Elvehjem (7)), care being taken to keep the temperature low throughout 
the process. The homogenate was diluted with distilled water to a volume 
equivalent to 3 times the weight of the kidneys, and was allowed to stand 
in the refrigerator for 30 minutes. It was then centrifuged at high speed 
for 30 minutes. The enzyme, contained in the supernatant liquid, was 
stored in a solid CO, chamber until used, which usually occurred within | 
3 days of its preparation. 

The activity of the enzyme preparation was measured by the Thunberg 
technique. The main compartment of the Thunberg tubes contained 
0.5 ml. of the enzyme preparation, 0.2 ml. of 0.1 M phosphate buffer, pH 7, 
and 0.15 ml. of 20 per cent sodium succinate or distilled water. The side — 
arms contained 0.1 ml. of 0.00033 per cent methylene blue. After evacua- : 
tion and temperature equilibrium the methylene blue and enzyme were 
mixed, and the time necessary to reduce the methylene blue was noted. 
The enzyme activity was then calculated and expressed as the mg. of 
succinic acid oxidized to fumarie acid per hour per ml. of enzyme prepara- 
tion.' 


mol. wt. of SA i min. l 


Activity = mg. MB reduced 


mol. wt.of MB reduction time mil. of enzyme 


‘MB = methylene blue; SA = succinic acid. 
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This calculation facilitated comparison between the rate of succinate 
oxidation and the rate of hydrogen exchange. 

Incubations—Unless otherwise indicated, the incubation’ were carried 
out anaerobically in small bottles of about 35 ml. capacity, filled, and 
sealed so as to exclude entry of oxygen. Known amounts of deutero- 
succinic acid were dissolved in water, neutralized to pH 7, and the desired 
aliquot pipetted into bottles. The amount of suceinie acid incubated 
was always between 100 and 200 mg. 3 to 6 ml. of 0.1 M phosphate buffer 
(pH 7) was added to the bottle. The desired amount of enzyme was then 
added along with any special reagents such as methylene blue. The 
bottles were completely filled with distilled water and were sealed off 
by means of a screw top. The bottles were placed in a mechanical agi- 
tator at room temperature and gentle agitation continued throughout 
the incubation. The reaction was stopped by precipitating the pro- 
teins with phosphomolyvbdie acid, after which the suecinie acid was 
isolated. 

Isolation of Suceinie Acid—Suecinic acid was isolated from the phos- 
phomolybdie acid filtrates of the incubation mixtures by a slight modifica- 
tion of the method of Goepfert (8). This method involves the oxidation 
of impurities with permanganate (Wood ef a/. (9)), extraction with diethyl 
ether in a continuous extractor, and precipitation of the succinate as the 
silver salt at pH 5.6. 

Determination of Deuterium The silver suecinate was analyzed for its 
deuterium content by methods deseribed by Rittenberg and Schoenheimer 
(10) and Keston, Rittenberg, and Schoenheimer (11). A weighed amount 
of silver succinate (usually between 300 and 500 mg.) was oxidized by dry, 
hydrogen-free oxygen in « combustion furnace, and the water collected 
ina trap submerged in a dry ice bath. ‘The combustion water was purified 
ina train of U-tubes by an alkaline permanganate oxidation, « chromic 
acid oxidation, and a redistillation. The amount of water resulting from 
the oxidation of the silver succinate was determined from the loss of weight 
of the first tube as the water was distilled off. 

Preparation of Deuterosuceinie Acid—Deuterosuceinie acid was prepared 
by dissolving ethyl fumarate in evelohexane and saturating it with deu- 
terium in the presence of platinum oxide catalyst in the apparatus de- 
scribed by Rittenberg and Schoenheimer (10). The eyelohexane was 
distilled off at atmospheric pressure, and the ethyl deuterosuceinate was 
collected at 210-220°. This was saponified with an excess of sodium 
hydroxide, and the sodium salt of deuterosuceinie acid was purified by 
the permanganate oxidation and ether extraction process already de- 
scribed. The combustion water of the deuterosuccinate contained 34 per 
cent D,O, corresponding to 32.3 atoms per cent deuterium. 
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Results 


The results of incubating deuterosuccinie acid with kidney suceinie 
acid dehydrogenase preparations are shown in Table 1. A definite ex. 
change of hydrogen atoms of the solution with the deuterium atoms of the 
deuterosuccinate in the absence of enzyme was found in the controls 
(Experiments 1 and 4). However, in the presence of the enzyme 
aration, a significant increase in the exchange was apparent in all experi- 
ments. The presence of methylene blue had no influence on the rate of 
exchange. The enzyme activity and incubation time of the experiments 
of Series I was such as to bring about the oxidation of 9.5 mg. of succinic 
acid. This is 5 per cent of the total succinic acid present. It is seen that 


Exchange of Hydrogen lons with Deuterosuccinate 


Series | Experi. | Seid in, | Enayme | | viene | Combus | 
(MORENO. | * enzyme blue period recovered changed® 
me. mil. me. hrs. percent 
I 109 | 110 | $2.8 3.5 
6 0.158) | 4 | 10 | 11.2 
| 0.1588 | 4 125 | 20.9 | 9.1 
5 185 2% | 0.13% | 4 137 | 28.3 | 16.8 
“ 6 185 | 2 | 0.13 s | 28.7 | 
| | 0.135 0 25 165 | 166.9 
ISS 2% | 0.13 | 25 87 | 17.8 | 47.7 
118 23 (0.237 0 7” $5 
* Per cent exchanged = = ¢ DO in combustion water x 100. 


J4 


the loss of deuterium from the succinic acid was also of this order of magni- 
tude, after the exchange in the absence of enzyme is subtracted. 

In Series I], the amount of enzyme and the incubation time were in- 
creased in order to accentuate the exchange. The exchange was increased 
by this procedure up to 50 per cent of the maximum possible with 25 ml. 
of enzyme and an incubation time of 25 hours. In Experiment 9 in which 
118 mg. of deuterosuccinie acid were incubated for 31 hours with 25 ml. 
of an enzyme having an activity of 0.237, 90 per cent of the deuterium 


atoms of deuterosuccinic acid was replaced by hydrogen atoms from the 


solution. 
The rate of hydrogen exchange can be roughly compared with the rate 
at which succinic acid would be oxidized in the presence of an acceptor 
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by calculating the latter from the enzyme activity and the incubation 
time. 
Succinate oxidizable = enzyme activity & ml. of enzyme X incubation time 


Such a caleulation depends upon the assumption that the activity of the 
enzyme is not significantly changed during the incubation period. This 
assumption was verified by testing for the rate of methylene blue reduction 
of samples incubated under conditions identical with those prevailing in 
the experimental incubations. Usually the enzyme activity was slightly 
greater at the end of 24 hours than at the initiation of the experiment. 
The results of making this comparison are shown in Table Il, where it is 
evident that the exchange of hydrogen and deuterium on the deutero- 


Taste Il 
Comparison between Per Cent Deuterium Exchange and Theoretical Per Cent of 
Succinate Oxidizible during Incubation Period 


Per cent deuterium | 
Series No. Experiment No. exchange of experiment | 


(minus blank exchange) 
I 2 7.7 | 4.8 
ee 3 5.6 4.8 
1 5 16.0 7.3 
19.9 | 14.6 
ee ? 15.3 45.6 
42.7 45.6 
ltl 7 | 156.0 


* Calculated from the relation, enzyme activity X ml. of enzyme X incubation 
time. 


succinate proceeded at essentially the same rate as the oxidation of sue- 
cinate would have progressed had methylene blue been present. 


DISCUSSION 


From the data presented it becomes evident that the a- and a’-hydrogen 
atoms of succinic acid will exchange with hydrogen ions of the solution 
under the influence of an enzyme contained in kidney preparations. There 
are several explanations which might account for this effect. The most 
likely possibility is the presence of succinie acid dehydrogenase which 
catalyzes the oxidation of succinic acid to fumari¢ acid. Results in Table 
II show that the percentage of exchange noted is about the same as the 
percentage of succinic acid which eculd theoretically have been oxidized 
in the indicated period. This egreement supports the hypothesis, which 
we hold, that the same enzyme, succinic acid dehydre genzse, is responsible 
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for both of the following reactions, oxidation of succinate (1) and hydrogen 
exchange (2). 


succiiiic 


HOOC -CH,--CH, -COOH + MB (1) 


dehydrogenase 


HOOC- CH==CH--COOH + MBH, 


D D dehydrogenase 
HOOC—CH—-CH— COOH + 2p 
“aa 


While succinic acid dehydrogenase may thus be considered the most 
likely cause of hydrogen exchange, other possibilities should be considered. 
Another unrelated enzyme present in the preparation might, for example, 
have catalyzed the exchange. 

An exchange of hydrogen atoms of « substrate with hydrogen ions of 
the environment is accompanied, of course, by a dissociation of hydrogen 
atoms into hydrogen ions and electrons. It thus would appear that 
hydrogen transfer in biological oxidations, even below the point at which 
the iron-containing cytochrome system comes inte play, invelves this 
dissociation of substrate hydrogen atoms. 

This interpretation is weakened by the fact that a crude enzyme prep- 
aration was used in these experiments and may have contained « naturally 
occurring intermediary acceptor. Such an acceptor might exchange its 
reducible hydrogens with hydrogen ions, and, being in equilibrium with 
the enzyme-succinate complex, could thus lower the deuterium content of 
the isolated succinic acid. This would be in accord with the conclusion 
of Erlenmeyer ef al. (4) who postulated an exchange between hydrogen 
ions and the hydrogen atoms of leucomethylene blue produced in the 
oxidation of deuterosuccinie acid to fumarate. Similarly the enzyme 
might itself contain a reducible prosthetic group which could exchange 
hydrogen with the hydrogen ions of the environment. It is not possible 
from the data to draw conclusions as to whether the observed exchange 
occurs from the enzyme-substrate complex, from the enzyme prosthetic 
group, or from a hydrogen acceptor in the crude enzyme preparation. It 
is of interest to note in this connection that methylene blue, either in 
large amounts or in traces, did not influence the speed of the hydrogen 
exchange. This would support the interpretation that the mechanism 
of such an exchange depends upon the enzyme only, and is independent 
of any free acceptor. 

The data and interpretation given in this paper are in accord with the 
theory of the mechanism of succinic acid dehydrogenase action advanced 


| 

| 

| 

| 

| 


= 


WEINMANN. MOREHOUSE. AND WINZLER 723 


by Potter and DuBois (12). These workers suggest that the active center 
of succinic acid dehydrogenase consists of a sulfhydryl group located 
between the two carboxyl affinity points, 7.¢. between the enzyme groups 
that bind the carboxyl groups of suecinie acid. The enzyme was visualized 
as functioning by oscillating bet ween the normal sulfhydryl form and its 
free radical, with eleetrons passing to the prosthetic group of the enzyme 
and hydrogen ions passing into the solution. 


st 


By use of deuterium to trace the reaction it has been shown that an 
enzyme will anaerobically eatalvze the exchange of the a- and a’-hydrogen 
atoms of succinic acid with hydrogen ions from the solution. Rate studies 
suggest that the same enzyme, suecinie acid dehydrogenase, catalyzes 
this hydrogen exchange as well as the dehwdrogenation of suceinic acid 
to form fumaric acid. 
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STUDIES WITH BACTERIAL SUCROSE PHOSPHORYLASE 


1. THE MECHANISM OF ACTION OF SUCROSE PHOSPHORYLASE AS A 
GLUCOSE-TRANSFERRING ENZYME (TRANSGLUCOSIDASE)* 


By MICHAEL DOUDOROFF, H. A. BARKER, ano W. Z. HASSID 


(From the Department of Bacteriology and the Division of Plant Nutrition, 
“ollege of Agriculture, University of California, Berkeley) 


(Received for publication, February 19, 1947) 


It has been shown that sucrose phosphorylase preparations from Psev- 
domonas saccharophila catalyze the reversible reaction between glucose- 
\-phosphate and certain ketose sugars. This reaction results in the 
formation of sucrose and analogous disaccharides together with the lib- 
eration of inorganic phosphate (1-5). In the experiments reported here, it 
was observed that when glucose-l-phosphate and radioactive inorganic 
phosphate are added to enzyme preparations in the absence of ketose 
sugars, a rapid interchange of phosphate occurs between the organic and 
inorganic fractions. 

This indicated that the enzyme can liberate inorganic phosphate from 
glucose-l-phosphate without the production of an equivalent amount 
of glucose. The following reaction was postulated, 


Glucose-l-phosphate + enzyme *> glucose-enzyme + phosphate (1) 


The glucose-enzyme bond presumably retains the energy of the phosphoric 
ester linkage. This observation suggested that. an analogous reaction 
would occur between the enzyme and sucrose, wit!) fructose being liberated 
instead of phosphate, 


Glucose.1-fruectoside + enzyme > glucose-enzyme + fructose (2) 


Reactions (1) and (2) can account for the ability of the enzyme to sub- 
stitute a glycosidic linkage for a phosphoric ester bond. 

The postulated mechanism is strongly supported by experiments in 
which virtually phosphate-free enzyme preparations were found capable 
of synthesizing the sucrose analogue, glucosidosorboside, direetly from 
sucrose and sorbose, 


Glucose-1-fructoside + sorbose = glucose-l-sorboside + fructose (3) 
In like manner, sucrose was produced from its synthetic analogue, glu- 
cosidoketoxyloside and fructose, 


Glucose-!-ketoxyloside + fructose glucose-1-fructoside + ketoxylose (4) 


*Supported in part by a grant from the Corn Industries Research Foundation. 
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These results show that sucrose phosphorylase not only catalyzes the 
substitution of glycosidic linkages for a phosphate linkage but also causes 
an exchange between equivalent glvcosidie linkages. 


EAPERIMENTAL 


Peaction between Glucose-l-phosphate and Enzyme 


The sucrose phosphorylase preparation was obtained by methods pre. 
viously described, except that it was reprecipitated six times with 0.63 
saturated ammonium sulfate (6,2). A dilute solution of the enzyme was 
incubated at 30° with 0.1 M potassium glucose-l-phosphute and 0.083 ™ 
potassium phosphate containing P*. Parallel experiments were condueted 
in which fructose and glicose were added separately to the above mixture. 


Tanie I 
Exchange of P®™ between Inorganic Phosphate and Glucose -1-phosphate 


Radioactivity found in fractions, 
counts mitt. per micromole 
atter @) min. at 


Experiment No | Reaction mixture 
Inorganic (slucose-1- 
plersphate phosphate 
inorganie phosphate 
2 Same as (1) but with enzyme prepara. (3) 
| tion 
3 | Same as (2) but with 0.06 w fructose SSH (4 10 wi (43) 
4 Same as (2) but with 0.12 glucose (+1) 


Fructose was used since it is known to participate in «a reversible reaction 
involving glucose-l-phosphate and inorganic phosphate, while glucose 
has been previously shown to have a strong inhibitory action on sucrose 
phosphorylase (6). After incubation, the enzyme was inactivated by 
boiling, and the inorganic phosphate was precipitated as the barium salt, 
redissolved with acid, and reprecipitated for analysis. The remaining 
traces of radioactive inorganic phosphate were removed from the solution 
of glucose-1-phosphate by repeated additions of inorganic phosphate and 
its removal with barium. Chemical analyses were then made on the inor- 
ganic and organic fractions and radioactivity was determined with a 
Geiger counter. A control experiment, in which glicose-1l-phosphate and 
radioactive inorganic phosphate were incubated together in the absence 
of enzyme, showed that no non-enzymatic exchange occurs between these 
compounds. 

The results of the experiment with sucrose phosphorylase are presented 
n Table I. No appreciable formation of free glucose from glucose- 
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1-phosphate could be detected during the course of the experiment. Su- 
erose Was formed in the presence of fructose, but the rate of its formation 
was not determined. 

The experiment shows that P© appeared rapidly in the glucose-1- 
phosphate fraction, even though « dilute enzyme preparation was used. 
In the presence of fructose, less P" was found in glucose-1-phosphate. 
This is due, at least in part, to a dilution of the radioactive phosphate 
with inactive phosphate liberated as a result of the synthesis of sucrose. 
The principal reason, however, must be the competition of fructose with 
phosphate for combination with glucose. 

The presence of glucose almost completely stops the exchange of P®. 
This is consistent with the observation that glucose inhibits phosphorvlase 
activity and supports the view that glucose competes with ghucose-1- 
phosphate for combination with the enzyme. 


Interconversion of Disaccharides in Absence of Phosphate 


In order to show that the enzyme can liberate fructose from sucrose 
without the formation of either free glucose or glucose-l-phosphate, an 
experiment was devised in which its ability to produce glucosidosorboside 
from sucrose in the absence of glucose-l-phosphate was tested. To 
prevent the accumulation of glucose-l-phosphate in the reaction mixtures, 
the enzyme preparations were rendered virtually free of inorganie phos- 
phate. The initial steps of obtaining the enzyme from dried cells of 
Pseudomonas saccharophila were identical with the previously deseribed 
method. After three reprecipitations of the enzyme with ammonium 
sulfate from phosphate buffer, the protein precipitate was redissolved in 
phosphate-free 0.05 m citrate buffer at pIl 6.7 containing 0.01 mM KCI. 
The enzyme was precipitated with recrystallized ammonium sulfate at 
0.63 saturation. After three further reprecipitations from citrate buffer, 
carried out over a period of 2 days, the enzyme was redissolved in the same 
buffer mixture and used in the experiments. Such preparations were found 
to retain strong phosphorylase activity. The rate of glucosidosorboside 
formation is low, regardless of whether glucose-l-phosphate or sucrose 
is used as substrate for the enzyme. For this reason, the experiments 
were of fairly long duration and a relatively high concentration of enzyme 
had to be used. Enzyme preparations from +1 gm. of dry cells were 
used per 20 ml. of final experimental solutions. As a result, an appreciable 
amount of reducing sugar was formed from sucrose in the course of the 
experiments. This phenomenon has been noted previously and is as- 
eribable to traces of invertase in the preparation. Less than 10°° 
phosphate was found to be present in the final reaction mixtures. 

Sucrose was estimated from the reducing value obtained on hydrolysis 
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with invertase. Neither glucosidosorboside nor glucosidoketoxyloside 
is attacked to an appreciable extent by invertase. These compounds, 
therefore, could be estimated in phosphate-free mixtures from the difference 
between reducing values obtained upon hydrolysis with invertase and 
hydrolysis with 0.2 nw HCI for 5 minutes at 100°. In experiments in which 
phosphate was added to the reaction mixture, the glucose-1-phosphate 
which was produced was measured as inorganic phosphate released on 
7 minutes hydrolysis with 0.1 N HCl. The glucosidosorboside produced jn 
experiments conducted in the presence of phosphate was estimated from 
the difference between initial and final reducing sugar values obtained 


Taste Il 


Production of Glucosidosorboside from Sucrose 


No. | Experiments 1 and 2) | ae aoe | | rolyzed | produced 
hrs. | me. per mi. | | me. per mi. 
lla | 0.05 M sucrose 2 0.3 (+0.3) | 0 | 0 
0.14 sorbose 2 | 2.9(40.3) | O | 2.7 (40.3) 
4 4$.9(+0.3) | | 4.4 (40.3) 
* 2 2.2 (40.3) 


3.0 (+0.3) 0.2 
7 xX Na,HPO, 


e 0.05 sucrose, 0.14 M sorbose, 0.6 (40.3) 


10? Na,HPO, | | 
f 0.05 mM sucrose, 0.14 M sorbose, 4 | &.5(+40.3) | 2.3 | 2.5 (40.3) 
10° uM NaeHPO, | 
| 0.06 sucrose, 0.11 M sorbose | 3 4.9 (40.3) | 4.6 (£0.3) 
b “ 3 0.6 (+0.3) | 0 | 0.3 (40.3) 
0.12 glucose | | | 


on hydrolysis with invertase and corrected for the decrease in reducing 
value due to the formation of glucose-1-phosphate. 

When sucrose and sorbose were added to the enzyme preparations in 
the absence of phosphate, sucrose disappeared and glucosidosorboside was 
formed (see Experiment 1, Table I1). Since at equilibrium considerably 
less of the latter than of the former would be expected (3), the rate of 
transformation must decrease rapidly in the course of the experiment. 
The initial rate of conversion must, therefore, be greater than that whieh 
was observed for the first 2 hours. 

The initial rate of glucosidosorboside formation by the same enzyme 
preparation could be measured with a fair degree of accuracy when glucose- 
l-phosphate was used as substrate in place of sucrose, by determining the 
rate of the evolution of inorganic phosphate. In the presence of 0.14 ™ 
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sorbose, and 0.025 m glucose-l-phosphate, the initial rate of disaccharide 
synthesis was found to be 3.24 mg. per 2 hours per ml. at 30°. At this 
concentration, glucose-l-phosphate is not limiting to the rate of reaction. 
When the concentration of glucose-l-phosphate was reduced to 0.002 m, 
the initial rate was found to be 2.72 mg. per 2 hours per ml., while at 
0.001 Mm concentration, the rate was 2.14 mg. per 2 hours. It ean be 
roughly computed from these data that with 10-° m glucose-1-phosphate 
the rate would be in the neighborhood of 0.06 mg. of glusosidosorboside 
formed per 2 hours per ml. Since the maximum limit of inorganie phos- 
phate present as impurity in the “phosphate-free’’ reaction mixtures was 
found to be 10-5 m, this would be the maximum concentration of ghicose- 
l-phosphate which could be attained. Since the observed rate of glu- 
cosidosorboside formation from sucrose approaches the maximum rate 
of synthesis from glucose-l-phosphate, it is clear that the interconversion 
of disaccharides cannot depend on a preliminary phosphorolysis and a 
subsequent utilization of the accumulated glucose-l-phosphate. 

This view is further supported by the fact that the addition of phosphate 
to reaction mixtures does not increase the rate of interconversion of disac- 
charides but decreases it. This inhibitory effect of phosphate is entirely 
in accord with the postulated hypothesis for the mechanism of enzyme 
action. Not only the phosphate, itself, but also the fructose liberated 
in the phosphorolysis must compete with sorbose for the enzyme-glucose 
complex. 

The hypothesis also requires that glucose will inhibit the conversion of 
sucrose to glucosidosorboside by competing with the glucose portion of the 
sucrose molecule for a position on the enzyme. The competition between 
glucose and sucrose has already been shown in studies of the phosphorolytic 
breakdown of sucrose (6). That the rate of interconversion of the 
disaccharides is indeed decreased by the addition of glucose is demonstrated 
by Experiment 2 (Table IT). 

The quantitative discrepancy between the sucrose disappearance and 
glucosidosorboside formation in both Experiments | and 2 (Table IL) is due 
to the formation of reducing sugar, as explained earlier. 

Since the direct interconversion of related disaccharides is obviously a 
reversible process, an experiment was devised in which sucrose would be 
produced rather than consumed. This was particularly important, since 
the evidence for the identity of the non-reducing disaccharide produced 
from sucrose and sorbose was entirely circumstantial and not based on the 
isolation and identification of the sugar. Sucrose, on the other hand, can 
be identified with a fair degree of certainty with invertase. 

A phosphate-free enzyme preparation was allowed to act on a mixture 
containing 2 per cent fructose and 2 per cent a-p-glucosido-8-p-ketoxyloside 
which had been previously synthesized from glucose-l-phosphate and 
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ketoxylose (5). Sucrose was estimated with invertase and glucosido. 
ketoxyloside by acid hydrolysis in the same manner as was glucosido. 
sorboside in the previous experiments. 

After | hour of incubation at 30°, 2.5 (0.3) mg. of sucrose were formed 
per ml. and a total of 4.8 (+0.3) mg. per ml. was found after 3 hours. 
Approximately equivalent amounts of glucosidoketoxyloside disappeared, 

The initially observed rate of sucrose synthesis was found to be less than 
half of the maximum rate observed when glucose-1-phosphate was used as 
substrate in place of glucosidoketoxvloside in the presence of fructose. 
Since the reversible reaction between glucose-1-phosphate and ketoxylose 
is known to be slow (3), it may be inferred that the rate of decomposition of 
glucosidoketoxyloside rather than the rate of sucrose synthesis limited the 
total rate of interconversion of the disaccharides. 


DISCUSSION 


There can be no doubt that both the phenomena of isotope exchange 
hetween inorganic and organic phosphate and the interconversion of di- 
saccharides in the absence of phosphate are due to one and the same 
enzyme, which has been called “sucrose phosphorylase,’ if the following 
considerations are taken into account: (1) Both processes are carried out 
vigorously by sucrose phosphorylase preparations which are virtually 
devoid of most otherenzymes. (2) Both reactions are inhibited by glucose. 
(3) Most significantly, the presence of phosphate depresses the rate of 
interconversion of disaccharides, indicating that phosphate competes with 
the ketoses for the enzyme which catalyzes this process. 

It appears, then, that the rdle of the enzyme is to combine reversibly 
with the glucose residue of glucose-l-phosphate or of those disaccharides 
which can act as substrates, and to release the esterified phosphate or 
glycosidically bound sugar. The enzyme-glucose complex must retain the 
energy of the phosphate or glycosidic bond. The sucrose phosphorylase 
may, therefore, be considered as a glucose-transferring system which ean 
react with a rather remarkable variety of substrates. In addition to re- 
acting with phosphate and carbonyl groups of certain ketoses, the enzyme 
has been found to catalyze the addition of glucose to the secondary alcoholic 
group of at least one aldose (7). 

The reversible phosphorolysis of sucrose can now be interpreted as con- 
sisting of the following set of reactions. 

+ fructose 
Glucose-l-fructoside + enzyme glucose-enzyme 


(sucrose) 1] 
| phosp 


glucose-l-phosphate 4+ enzyme 
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The direct interconversion of disaccharides may be illustrated by the pro- 
duction of sucrose from glucosidoketoxyloside: 


+ ketoxylose 


| + fructose 


glucose-l-fructoside + enzyme 
(sucrose) 


The demonstration that the accumulation of glucose-l-phosphate is not 
necessary for the conversion of disaccharides does not preclude the possi- 
bility that phosphate does enter into the enzymatic reaction, possibly as a 
firmly bound coenzyme. It ix impossible to tell whether the protein itself 
transfers the “energy-rich glucose” or whether a coenzyme which is closely 
associated with the protein is involved. It is possible, for instance, to 
visualize a carbohydrate residue which would be directly concerned with 
the glucose transfer and would act as a glicose-carrving coenzyme. 

The direct exchange of glycosidic linkages has been observed with other 
bacterial enzymes and discussed in previous papers (8,9). Thus, neither 
the production of dextran nor of levan from sucrose requires the aceumula- 
tion of phosphoric esters. The enzymes which catalyze these reactions 
appear simply to exchange a glucosidofructoside linkage for a 1:6-gluco- 
sidoghucose bond in one case or for a 2:6-fructosidofruectose bond in the 
other. 

Sucrose phosphorylase seems to belong to the same class of enzymes, 
although it has the additional power to attack the phosphate bond. It is 
quite possible that the better known phosphorylases which are involved in 
the synthesis of starch and glycogen are essentially similar in their mode of 
action. Since the transfer of ghicose may be compared to the well known 
transmethvlation and transamination reactions, as well as to the transfer 
of hydrogen atoms in biological oxidations, it would seem appropriate to 
consider sucrose phosporylase as a “transglucosidase.”’ The general type 
of enzyme involved in the exchange of glycosidic bonds might then be ealled 
“transglycosidase.”’ 

It is quite possible that the production of many disaccharides and poly- 
saccharides in plant and animal tissues may depend on transfers of “‘energy- 
rich” sugar residues without the intermediate accumulation of phosphoric 
esters (9). The remarkable versatility of the sucrose phosphorylase sug- 
gests that one and the same enzyme might, in some cases, account for the 
formation of a number of different compounds. 

The direct synthesis of sucrose from glucosidoketoxyloside adds a third 
mechanism of biological synthesis of sucrose to those already studied in our 
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laboratory (1,8). It is, in reality, but a variant of the mechanism postu- 
lated from the indirect evidence of the reversible nature of levan synthesis, 

The strong competition of glucose with both glucose-l-phosphate and 
sucrose would indicate that the carbonyl atom of glucose is not greatly 
involved in the affinity of sucrose phosphorylase for the glucose portion of 
these compounds. Unpublished experiments have shown that xylose, 
xvlose-1-phosphate, arabinose, galactose, and galactose-l-phosphate have 
a very much weaker inhibitory action on sucrose phosphorylase than does 
glucose. It seems probable, therefore, that the aleoholic groups away from 
the carbony! group, possibly together with the pyranose ring structure, are 
important in determining the specificity of enzyme-substrate combination. 


SUMMARY 


1. A rapid exchange of P® was found to occur between inorganic phos- 
phate and glucose-1-phosphate in the presence of sucrose phosphorylase of 
Pseudomonas saccharophila and in the absence of ket ose sugars. 

2. Virtually phosphate-free preparations of sucrose phosphorylase were 
found capable of interconverting sucrose and its analogue, glucosido- 
sorboside. 

3. By applying the same principle, sucrose was synthesized directly from 
glucosidoketoxyloside and fructose with the aid of the enzyme. 

4. Sucrose phosphorylase may be considered as a versatile “‘trans- 
glucosidase,’ representing a class of enzymes which may be referred to as 
“transglycosidases.”’ 
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STUDIES WITH BACTERIAL SUCROSE PHOSPHORYLASE 


Il. ENZYMATIC SYNTHESIS OF A NEW REDUCING AND OF A NEW 
NON-REDUCING DISACCHARIDE* 


By MICHAEL DOUDOROFF, W. Z. HASSID, ann H. A. BARKER 


(From the Department of Bacteriology and the Division of Plant Nutrition, 
College of Agriculture, University of California, Berkeley) 


(Received for publication, February 19, 1947) 


In addition to suerose, which has been synthesized by the reaction 
between glucose-l-phosphate and fructose under the influence of “sucrose 
phosphorylase’ from Pseudomonas saccharophila, two new sucrose ana- 
logues have been prepared by the use of the same enzyme (1-4). In these 
disaccharides, L-sorbose and p-ketoxylose, respectively, were substituted 
for p-fructose. 

In the present studies, a survey of a number of other compounds was 
undertaken to determine whether they could be used as substrates for the 
enzyme. In the course of these studies, not only was a new analogue of 
sucrose, a-b-glucosido-L-ket oarabinoside, prepared, but also a new reducing 
disaccharide, 3-(a-p-glucosido)-L-arabinose. The remarkable dissimilari- 
ties in structure of the reducing and the non-reducing disaccharides at first 
made it seem unlikely that one and the same enzyme could catalyze the 
synthesis of both. The experimental evidence strongly indicates that 
sucrose phosphorylase is involved in the production of both sugars, a fact 
which poses interesting problems concerning the general nature of enzyme 
specificity. 

EXPERIMENTAL 


Metheds 


The sucrose phosphorylase preparations were obtained from dry cells of 
Pseudomonas saccharophila by methods previously deseribed (5, 1). Glu- 
cose-1-phosphate was prepared by the phosphorolysis of starch with potato 
phosphorylase. Maltose-l-phosphate, p-xylose-l-phosphate, and galac- 
tose-1-phosphate were synthesized chemically (6). Of the synthetic sugars 
used in the experiments, L-fructose was kindly supplied by Dr. M. Wolfrom, 
b-mannoheptulose by Dr. C. 8. Hudson, and p-ribose by Dr. J. W. Foster 
of Merck and Company. 

To obtain crude preparations of ketopentoses, the corresponding aldose 
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sugars were autoclaved in the presence of phosphate buffers at or near 
neutrality. After passage through ion exchange columns to remove the 
added phosphates and acidie products of the reaction, the residual aldose 
Was, In some cases, largely removed from the crude syrup by the addition of 
aleohol and crystallization at low temperature. This method had been 
used previously in our laboratory to prepare crude p-ketoxvlose from 
p-xylose (4), and crystalline p-tagatose from galactose. 

In the earlier studies it was thought that only the corresponding ketose 


was produced from its aldose analogue. However, it became apparent . 


that, at least in the case of pentoses, a further rearrangement oceurs, in- 
volving the position of the hydroxy! on the 3rd carbon atom, so that at 
least two ketose sugars can be derived from a single aldose. Thus, the 
syrup obtained after autoclaving p-arabinose was shown to contain p-ke- 
toxylose. This became evident when sucrose phosphorylase was allowed to 
act on such a syrup in the presence of glucose-l-phosphate. The resulting 
disaccharide was identified as p-glucosido-p-ketoxyloside (see below). 
The formation of L-ketoarabinose from L-arabinose was proved in a similar 
way by the isolation of glucosido-L-ketoarabinoside after the enzymatic 
condensation of glucose-1-phosphate with the enolized products of L-arabi- 
nose. Identical chemical changes would be expected in the p and 4 
isomers of the aldose when heated under identical conditions with phos- 
phate. This expectation was supported by the observation that changes in 
optical rotation which occurred in heated solutions of D- and L-arabinose 
were quantitatively equal, but opposite in sign. From this, it may be 
concluded that both p-ketoxylose and p-ketoarabinose were formed from 
D-arabinose, even though only p-ketoxylose was demonstrated directly. 
Similarly, both of the L-ketopentoses are probably formed trom L-arabinose, 
even though only L-ketoarabinose was positively identified. NKetose de- 
rivatives were prepared from p- and L-arabinose, D-lyxose, p-ribose, 
L-fucose, and Lt-rhamnose by autoclaving with phosphate. 

Solutions of crude dihydroxvacetone and erythrulose were prepared 
from glycerol and erythrytol, respectively, by the action of Acclobacter 
suborydans. The bacteria were grown in well aerated culture media 
containing yeast extract, phosphate, and the homologous substrates, 
They were harvested by centrifugation, washed, and resuspended in one- 
fourth the original volume of a medium containing 6 per cent of the sub- 
strate, small amounts of NH,Cl, MgSO, , phosphate buffer, and an excess of 
CaCO ;. These cultures were incubated with aeration until the increase in 
reducing value due to ketose formation had ceased. They were then 
freed of bacteria by centrifugation and passed through ion exchange 
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columns to remove morgane sults uml products of bacterial 
metabolism. 

A solution of turanose was prepared by ould acid hydrolysis of mele- 
nitose followed bey there nigh hoon exchange columns and the removal 
of the liberated glucose by fermentation with washed cells of Torula monosa. 

A mixture of short chain fructose polymers was made trom dialwzed and 
alecohol-precipitated levan produced by Beedlus subtilis trom sucrose (7). 
Three equal portions of «a 10 per cent levan solution were treated with 
0.1 x HCl at 37° for 1, 2, and 3 hours, respectively, mixed, and passed 
through ion exchange columns. The hberated fructose was removed by 
fermentation with washed cells of Torula monosa. The resulting product 
had a reducing value approximating 25 per cent of that obtained on com- 
plete acid hydrolysis, and presumably contained fruetosans having the 
2.6 linkage. 

The reaction between glicose-l-phosphate and various sugars was tested 
by adding the two components to an enzyme preparation and measuring the 
liberation of inorganic phosphate (2, 5). Inorganic phosphate produced 
in a control, in which only ghicose-l-phosphate was added to the enzyme 
preparation, was subtracted, to allow for phosphatase activity, which, 
though slight, was detectable in all preparations. The reaction between 
analogues of glucose-l-phosphate and fructose was tested in the same 
manner. When possible, the changes in reducing value of reaction mixtures 
were also determined to establish whether a reducing or non-reducing 
disaccharide was produced. 

Substitutions for Glucose -i-phosphate No enzymatic reaction whatever 
could be observed bet ween D-xvlose-1-phosphate or b-galact ose-1-phosphate 
and fructose, the evolution of inorganic phosphate being identical with that 
in D-fructose-free controls. 

With maltose-l-phosphate, the addition of D-fructose to the reaction 
mixture caused a slightly greater production of phosphate than that 
observed in the control. This reaction, however, was so slow that it was 
impossible to establish whether maltose-l-phosphate itself was involved 
in a direct condensation with fructose. This was especially true, since 
glucose-1-phosphate may have been present as an impurity in the maltose 
phosphate or have been produced by the slow hydrolysis of the maltose 
linkage by the enzyme preparation. 

That melibiose-1-phosphate cannot react with fructose was shown by the 
inability of the enzyme to phosphorolyze raffinose, 

Formation of v-Glucosido-p-kctocyloside— The preparation and properties 
of crystalline a-p-ghucosido-g-p-ketoxvloside has already been deseribed in 
detail (4). The crude svrup containing p-ketoxylose, which had been used 
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for the first synthesis, had been made by autoclaving p-xylose in the 
presence of phosphate and partially removing the parent sugar by 
ervstallization.' 

No reaction whatever could be observed when p-arabinose was added to 
glucose-1-phosphate and enzyme. When, however, solutions of p-arabinose 
were enolized with phosphate, the resulting mixture of sugars caused 
significant production of inorganic phosphate from glucose-1-phosphate, 
accompanied by a decrease in the total reducing value. To identify the 
disaccharide produced in this reaction, the experiment was carried out ong 
large scale and the product isolated in crystalline form. 15.5 gm. of syrup 
were prepared by autoclaving p-arabinose with phosphate, passing the 
solution through ion exchange columns, concentrating it in vacuo, and 
removing a large portion of unconverted p-arabinose by erystallization in 
the cold. This svrup was allowed to react with 33 gm. of ghucose-1. 
phosphate and an enzyme preparation from 3 gm. of dry cells of Pseudo- 
monas saccharophila. The mixture was incubated for 12 hours at 37° and 
pHi 7.5 in the presence of 0.1 mM barium acetate. The reaction mixture was 
then treated in the manner previously described (4), the reducing sugars 
being removed by extraction of their osazone derivatives with ethyl acetate. 
A vield of 0.435 gm. of ervstalline non-reducing disaccharide was obtained 
in this reaction. This disaccharide was proved to be identical with the 
previously described o-p-glucosidos-p-ket oxyloside” 

The identification of the synthetic sugar as a ketoxyvloside proves that 
p-ketoxylose is formed from p-arabinose upon treatment with phosphate 
at high temperature. All attempts to demonstrate the formation of a 
ketoarabinoside were unsuccessful. Since p-ketoarabinose was probably 
present in the reaction mixture (see the discussion above), the negative 
evidence indicates that this sugar cannot function as a glucose acceptor 
with this enzvme.* 


' It would be expected that p-lvxose, like p-xvlose, would vield p-ketoxylose after 
similar treatment. A solution of p-lyxose was autoclaved with phosphate buffer at 
pH 7.0, passed through ton exchange columns, and added to a mixture of phos 
phorylase and glucose-I-phosphate. There resulted a rapid liberation of phosphate 
which was comparable to that described in experiments with the svrup obtained from 
p-xvlose. v-Lyxose, itself, like p-xylose, was inactive 

? Identical specific rotation before and after hydrolysis; identical x-ray diffraction 
pattern; ketoxylose component identified as the osazone upon hydrolysis of the 
disaccharide and removal of glucose by fermentation. 

> The close relationship between p-arabinose and p-ribose would suggest that 
identical ketose derivatives would be obtained from the two sugars on heating with 
phosphate. When v-ribose was thus treated and the resulting mixture used as 
substrate for the enzyme, a rapid evolution of phosphate from glucose. 1-phosphate 
was observed, presumably owing to the formation of glucosidoketoxyloside. The 
addition of untreated p-ribose, unlike that of p-arabinose, resulted in a very slight 
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Enzymatic Synthesis of Disaccharide, 3-(a-v-Glucosido)-.- 
arabinose——Since all of the previously studied condensation reactions 
catalyzed by sucrose phosphorylase involve the reaction of glucose-1- 

te or a suitable disaccharide with a ketose, it was surprising to find 
that the addition of L-arabinose, an aldose sugar, to enzyme preparations 
resulted in a relatively slow but continued evolution of phosphate from 
glucose-l-phosphate. Instead of a decrease in reducing value, such as had 
been observed in the formation of sucrose analogues, an increase in reducing 
value was observed in the reaction with L-arabinose. 

The estimation of glucose in the reaction mixtures by fermentation with 
Torula monosa showed that the observed increase in reducing value was not 
accounted for by any direct or indirect production of glucose from glucose-1- 
phosphate, nor was there any evidence of easily hydrolyzable non-reducing 
disaccharide among the products of the reaction. 

To determine what compound was formed in the condensation, a mixture 
of L-arabinose and glucose-1-phosphate was incubated in the presence of the 
enzyme The unused glucose-l-phosphate was removed by precipitation 
with aleohol, and the unused L-arabinose by fermentation with a selected 
strain of Escherichia coli. The removal by extraction of its osazone 
derivative was precluded by the reducing nature of the synthesized product. 
After passage through ion exchange columns and concentration of the 
solution in vacuo, the remaining sugar was crystallized from alcohol. This 
was found to be a reducing disaccharide, p-glucosido-L-arabinose. Unlike 
the sucrose analogues previously prepared with the aid of the enzyme, the 
new sugar is not easily hydrolyzed with acid and does not give the “Raybin” 


H—C~ H—C—OH 
| H—C—OH ~O_ H—C—OH 
| 
| ee 
H—C—On HO—C—H_ | 
| | | 
CH,—— 


CH, OH 
(1) 


production of phosphate. This reaction was too weak, however, to determine 
whether the ribose itself was involved, since the quantity of the sugar available was 
small and its purity was not established. 

* A complete description of the method of preparation, study of the structure, and 
properties of the new disaccharide will be published elsewhere. 
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reaction with diazouracil characteristic of the sucrose linkage. A study of 
its derivatives indicates that its structure is 3-(a-p-glucosido)-L-arabinose 
with both the hexose and the pentose units in the pyranose (six-membered 
ring) form. ‘The formula may be written as in (1). 

It seemed exceptional for a single enzyme to catalyze two such diverse 
reactions as that involving the 2nd (carbonyl!) carbon of a ketose on the one 
hand, and the 3rd (aleohol) carbon of an aldose, on the other. It was. 
therefore, necessary to eliminate the possibility that the enyzme prepara. 
tions might contain two different phosphorolytic enzymes which earry 
out the two reactions. ; 

That sucrose phosphorylase is involved in the reaction with L-arabinose 
was established beyond reasonable doubt by the following experiment. 


I 


Initial Rate of Inorganic Phosphate Production from Glucose -1-phosphate in Presence 
of Sucrose Phosphorylase upon Addition of Fructose and Arabinose 


Dilute enzyme preparation incubated with O.1 w glucose 1 phosphate with the 
additions indicated below at 30°. 


tate of total evolution of 
Additions phosphate, micromoles 
per mi. per her 


u/4 L-arabinose 21 (402 
64 p-fructose 3.1 (+0.2) 
u/64 + L-arabinose 1.1 (40.2) 
hs 0.7 (+0.2 
u/4 + arabinose S.6 (+0.2 


p-Fructose and L-arabinose were added separately and in combination 
to samples of a solution containing glucose-l-phosphate and enzyme. 
The p-fructose concentrations were so selected as to give the maximum rate 
of sucrose formation, in one case, and « lower rate, in which the p-fructose 
concentration was the limiting factor, in the other. The total initial rate of 
phosphate evolution was measured in each case. The results are presented 
in Table I. 

It is apparent that, when L-arabinose is added to a mixture in which the 
p-fructose concentration is insufficient to allow the maximum rate of 
reaction, an increase in the total utilization of glucose-1-phosphate results. 
The same amount of L-arabinose, however, when added to a mixture 
in which the p-fructose concentration is not limiting, causes a decrease in 
the total rate of phosphate evolution. This indicates clearly that both 
p-fructose and L-arabinose are competing for the same envzme. 

Additional evidence that the same enzyme is involved in reactions with 
both p-fructose and L-arabinose may be summarized as follows: (1) The 
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enzyme catalyzing both reactions ts produced to a marked extent when 
sucrose is used as substrate for the growth of the organisms, but not when 
p-glucose or L-arnbinose is used. (2) The relative rates of reaction with 
p-fructose and L-arabinose, respectively, remain constant after partial 
inactivation by heat (see Table Tf). (3) In the preparation and partial 
purification of phosphorylase from the crude extract of dried cells, the 
relative rates of renetion with D-fructose and L-arabinose remain constant, 
although the total activity towards both is considerably decreased and 
many other enzvVines are dest roved or removed. (4) On fractionation of 
the enzyme preparation with ammonium sullate (33 to 40 per cent satura- 
tion: 40 to 45 per cent saturation: 45 to 04 per cent saturation), the relative 
activities of the three fractions are the same for both sugars. 


Taste Il 


Effect of 7 readtments af Sucrose Phosphorylase Pre paralions on Initral Rate 
of lnorgan Phos phate mectlion phos phate in Presence 
hy ane of We spe clive ly 


With fructose arabinose 
1. Initial activity alter heating at SO fer 6 


©, | (43) 
. Initial activity of drv cell extract remaining after par 
tial purifeation of preparation by repeated = 


cipitations, (+2) 2B (+2) 
3. Total recovered of preparation in 


fractions precipitated with (NED) ©, 


fa) 0.33 0.40 saturation 38 (+2) 


ic) 0.45-0.63 | 20) (+2) 20 (+2) 


The above considerations indicate not only that the same enzyme is in- 
volved in both reactions, but also that no additional enzyme is required for 
the formation of p-glucosido-L-arabinose. ‘Technical difficulties have made 
it impossible so far to determine the equilibrium constant for the reaction, 
b-glucose-l-phosphate + L-arabinose p-glucosido-.-arabinose + in- 
organic phosphate. ‘The principal difficulty is that the reaction becomes 
exceedingly slow as the L-arabinose concentration decreases or when con- 
siderable inorganic phosphate is produced from glucose-l-phosphate. 
From a few experiments it is apparent that the equilibrium may be very 
much further to the right than that for sucrose synthesis. The reaction 
from right to left is extremely slow; it is necessary to use relatively large 
amounts of synthetic disaccharide and inorganic phosphate to detect the 
reaction at all. 
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Synthesis of When enolized L-arabi. 
nose was tested as substrate for sucrose phosphorvlase activity, it became 
apparent that a reaction different from that observed with L-arabinose takes 
place. 

The t-arabinose was autoclaved in the presence of phosphate and the 
resulting solution was treated according to the methods already deseribed 
to remove inorganic salts and as much of the parent sugar as possible. 

When the resulting svrup was added to the enzyme preparation together 
with glicose-l-phosphate, an evolution of inorganic phosphate was ob- 
served. Although the initial rate of reaction appeared to be approximately 
equal to that observed with L-arabinose, the phosphate production soon 
stopped, indicating that an equilibrium condition had been reached, as in 
the case of p-fructose, L-sorbose, and L-ketoxvlose (2, 5).° Instead of an 
increase in reducing value such as had been observed with L-arabinose, a 
decrease was noted in the reaction with the enolized svrup. To obtain the 
disaccharide in pure form, the same general procedure was used as that 
described for the isolation of glucosido-p-ketoxyloside, except that L-arabi- 
nose was used in place of p-xylose and p-arabinose. About SOO mg. of 
non-reducing, easily hydrolyzable crystalline disaccharide were thus 
obtained. On hydrolysis, the sugar was shown to vield p-glucose and 
L-ketoarabinose, which was identified through its osazone derivative. This 
disaccharide, like the other sucrose analogues prepared with the phos- 
phorylase, gave the Raybin reaction. The disaccharide may be assumed 
to be a-p-glucosido-g-L-ketoarabinoside and to have the structure shown 
in (11). The purity of the isolated compound indicates that no p-gluco- 


CH.OH 
| | | 
| | | | 
| H—C—OH HO—C—H | 
O | | 0 
| HO—C-H HO—C—-H_ | 
| | 

H—C—OH 

| 

C—H 

CH,OH 


sido-L-ketoxyloside is formed in the reaction. Since ketoxvlose may be 
assumed to be present in the enolized syrup on the basis of the earlier 


’ Unfortunately, it has been impossible to determine the equilibrium constant for 
the reaction, since the relative amounts of the various sugars in the crude syrup 
cannot yet be determined. 
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experiment, if seems likely that the L isomer of this compound is not a 
suitable substrate for the enzyme. 

Reaction with Other Carbohydrates—In experiments outlined above and 
reported previously (5), it has been shown that the following sugars and 
their derivatives do not show any reaction with glicose-l-phosphate in the 
presence of sucrose phosphorylase: p-glucose, D-mannose, D-galactose, 
fructose-ti-phosphate, fructose-1 ,6-diphosphate, D-arabinose, p-xvlose, and 
p-lyxose. The reaction with p-ribose is doubtful and at best very weak. 
In addition, there is strong circumstantial evidence that neither p-keto- 
arabinose nor L-ketoxvlose is a suitable substrate for the enzyme. The 
following carbohydrates were also tried and showed no inerease in phos- 
phate liberation from glucose-l-phosphate: D-tagatose, L-fructose, 
mannoheptulose, L-fucose, L-rhamnose, degraded levan, and turanose. 
The non-reactivity of turanose was also shown by the inability of the 
enzyme to phosphorolyze melezitose. 

When t-rhamnose and L-fucose were autoclaved in phosphate buffer 
and added to mixtures of phosphorylase and glucose-l-phosphate, a slight 
reaction Was observed with the former and a rather pronounced production 
of inorganic phosphate with the latter. It seems most likely that methyl- 
ketopentoses were produced by enolization of the methyl aldopentoses and 
that such a compound derived from fucose was readily utilized as substrate. 
The experience with p- and L-arabinose shows that, at least in some cases, 
more than one ketose may be formed by such treatment of an aldose. 
While it may, therefore, be postulated that the product or produets of 
condensation of enolized methyl pentoses are glucosidomethylket opent oside 
analogues of sucrose, their true composition is not vet known and can only 
be established by thetr isolation in pure form. 

When crude dihvdroxyacetone and erythrulose preparations were used 
as substrates, a verv slow evolution of inorganic phosphate from glucose- 
l-phosphate was observed. It could not be established, however, that this 
was due to phosphorylase activity, since the compounds are very active 
chemically and appeared to act on glucose-1-phosphate even in the al sence 
of enzyme. On prolonged incubation, and particularly on heating, mix- 
tures of these sugars with glucose-1-phosphate become acid and show the 
presence of inorganic phosphate. The slight increase in phosphate pro- 
duction with the enzyme may well be due either to the direct interaction of 
the ketoses with glicose-1l-phosphate or to the indirect effect of pH changes 
on the phosphatase activity of the preparations. 


DISCUSSION 
It has been shown that sucrose phosphorylase may be regarded as a 


“transglucosidase,”” which catalyzes the transfer of “glucose” to a variety 
of acceptors (8). The enzyme appears to be very specific with regard to 
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the glucose portion of its substrates. The “glucose acceptors,” how -er, 
show a considerable diversity of structure. So far, three types can be 


Ill 


actions with Glucose - phos phat ivi Presse ree of ig Phos pho: ylase 


Compounds reacting inorgani 
phosphate sive ir ™ 
glucos« pr 


(ompounds showing no reaction 
or doubtful reaction® 


Ketotriose Dit droxs acetonet 
Ketotet rose Lrvthruloset 
Aldopentoses »-Avlose 

b-Lyxose 


tile? 


t-Arabinose D Aralbinose 
Ketopentoses Ketoxvlose L-Wetoxviose 
L-hetoarabinose KRetoaurabinose 
Methyl pentoses Undetermined methyl bucose 
ketopentose Rhamnose 
Aldohexoses p(ilucose 


Mannose 
»-Calactose 
hKetohexoses p- Fructose L-Fructose 
L-Sorbose 
» Tagatose 
Mannoheptulose 
Fructose derivatives Fructose 6 phosphate 
Fructose-1.6-diphosphate 
Tursanose i3 glucoside fruec 
tos) 
Degraded levans (6 (frueto 
sido: -p fructose and poly. 


t 


*No reaction recorded when phosphate evolution from glucose I phosphate in 
presence of M/6 substrate falls within the experimental error of the determination 
and is less than 1 per cent of the rate with fructose. 

t Very slight evolution of phosphate observed but cannot be directly attributed 
to phosphorylase. 

t Apparent slight reaction, but purity of b-ribose not certain. 

§ Circumstantial evidence only that these sugars do not react based on isolation 
of pure glucosido-p-ketoxyloside from phosphate-treated b-arabinose and of gluco- 
sido-L-ketoarabinoside from phosphate-treated L-arabinose. 

| Phosphate-treated L-fucose. 


distinguished: (1) inorganic phosphate; (2) ketose sugars; (3) an aldose 
sugar, L-arabinose. 

Phosphate, which appears to be the best acceptor for the “energy-rich 
glucose,” is quite different from both of the other types in size and shape. 


| 


ted 


DOUDOROFF, HASSID, AND RARKER 743 


The ability of the enzyme to use arsenate in place of phosphate has not yet 
been tested, 

It seems appropriate at this point to compare the various sugars which 
can be substituted for the phosphate group of glucose-1-phosphate to see 
what features they may have in common (Table IID). 

The ketoses which ean act as glucose acceptors have a general strue- 
tural similarity, but there are certain exceptions which make it impossible 
to define exactly the structural specificity which makes them suitable sub- 
strates for the enzyme. 

It is obvious that large radicals attached to the ketoses may make them 
unsuitable as substrates. Thus, the phosphate radicals of the fructose 
phosphates, as well as the sugars glycosidically bound to fructose in turanose 
and degraded levulan, prevent the fructose from reacting, even though in 
some of these compounds the fructose is known to exist in the furanose 
form. 

A general formula for the first three disaccharides synthesized with the 
aid of the enzyme may be written as indicated (IID). In suerose, R is a 


CH,OH 
— 


H OH OH H 


hydrogen atom, while R’ is a primary alcohol group. In p-glucosido-a-L- 
sorboside, R is a primary aleohol group, while R’ is a hydrogen atom. 
In glucosido-3-p-ketoxyvloside, both R and R’ are hydrogen atoms. 

The formula of the new non-reducing disaccharide, ghucosido-8-L-keto- 
arabinoside may be represented asin (IV). It will be seen that this differs 


CH,OH 


H OH OH OH 
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from the formula for glucosido-p-ketoxvloside only in the contiguration 
of hydrogen and hydroxyl groups about the ith carbon atom of the pen- 
tose. The common features of the various ketoses which have been found 
to react may be, therefore, diagrammatically represented as in (V). In 


CH,OH R 


this diagram R and R’ represent either hydrogen or primary alcohol 
groups, while R” and R’” represent hydrogen or hydroxy! groups. 

The above structure is not present in L-fructose, L-ketoxvlose, or p-keto- 
arabinose, which sugars are apparently unable to act as substrates for the 
enzyme. On the other hand, a similar structure does exist in the furanose 
(five-membered ring) form of p-tagatose and of p-mannoheptulose. How- 
ever, neither of these sugars reacts in the presence of the enzyme. This is 
somewhat surprising, since the non-reacting D-tagatose bears the same rela- 
tionship to the reacting L-ketoarabinose as p-fructose does to p-ketoxylose. 
It appears that with these compounds the relative positions of the terminal 
primary alcohol group and the adjacent hydroxyl groups are important, no 
reaction taking place if they are at R’ and R’” respectively. The additional 
alcoholic group in mannoheptulose may well interfere with the reaction. 
Besides, it is not known whether either sugar exists to any extent in the 
furanose form which is stabilized in the non-reducing disaccharides and 
might well be a prerequisite for the reaction to take place. 

The structure of 3-(a-p-glucosido)-L-arabinose is so fundamentally dif- 
ferent from that of the reducing sugars that no obvious conclusions can 
be drawn as to the chemical configurations responsible for the affinity of 
the enzyme for L-arabinose. Not only is a secondary alcoholic group in- 
stead of a carbonyl group involved in the linkage, but the sugar is in the 
pyranose rather than the furanose form. For comparison with the non- 
reducing disaccharides, its structural formula is shown in (VI). It is 
unlikely that the phosphorylase causes a primary condensation of p-glucose 
with L-arabinose through the carbonyl atoms of both and that a rearrange- 
ment takes place later. A spontaneous rearrangement of this sort would 
not be expected and, indeed, an analogue of the possible primary condensa- 
tion product, p-xylosido-p-glucoside, is known to exist as a stable compound 
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CH,OH H 


H OH 


(v1) 


(9). That an enzymatic rearrangement does not take place is indicated by 
evidence which has been presented that a single enzyme is involved in the 
synthesis of glucosido-L-arabinose. 

The demonstration that one and the same enzyme may catalyze such 
apparently dissimilar reactions as the syntheses of reducing and non- 
reducing disaccharides and of ghicose-1l-phosphate indicates that super- 
ficially dissimilar compounds or linkages may depend on a single enzyme 
for their production. It also indicates that at least,in some cases the 
affinity of an enzyme for a substrate does not depend on the obvious chemi- 
eal groups of the latter but possibly on subtle spacial relations which can 
only be elucidated by further study. 

The available evidence indicates that the equilibrium in the reaction, 
p-glucose-l-phosphate + L-arabinose p-glucosido-L-arabinose + phos- 
phate, is far to the right as compared with the equilibrium shown for 
sucrose synthesis. The difference in the apparent equilibrium could be 
explained if the bond energy of the reducing disaccharide were smaller than 
that of sucrose. No definite information regarding this point could be 
found. However, with phosphate esters (glucose-1-phosphate, glucose-6- 
phosphate) it is known that the linkage to the carbonyl group has a higher 
energy content than that to an aleobolie group. Similar relations probably 
apply to glycosidic linkages of reducing and non-reducing disaccharides. 
This has been postulated as one of the reasons for the almost irreversible 
nature of the reactions involved in the svnthesis of dextran and levan from 
sucrose (8S). Another consideration which must be taken into account in 
explaining the difference in apparent equilibria is the possibility that only 

* In « previous estimation of the equilibrium constant for the reaction between 
glucose-l-phosphate and p-ketoxylose (2), the concentration of p-ketoxylose in the 
experimental solutions was determined by polarimetric analysis on the assumption 
that only one ketose is formed to any extent by enolization of a given aldose with 
phosphate. In view of the demonstration that more than one ketose may be formed 
on autoclaving arabinose in the presence of phosphate, the previously determined 
equilibrium constant for this reaction may be inaccurate. 
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the furanose form of sugars like p-fructose and L-sorbose is involved in the 
reaction and this form constitutes only « fraction of the total amount of 
ketose present at equilibrium. 

The synthesis of p-glucosido-L-arabinose appears to be the first example 
of an in vitro enzymatic synthesis of a reducing disaccharide directly from 
hexose units. The only other reducing disaccharide which has been 
synthesized enzymatically in vitro is maltose, formed from glucose-]. 
phosphate by the successive use of starch phosphorylase and amylase. 


SUMMARY 


1. A new non-reducing disaccharide has been prepared trom glucose-1- 
phosphate and enolized L-arabinose with the aid of sucrose phosphorvlase 
preparations from Pseudomonas saccharophila. This disaccharide has been 
identified as a-p-glucosido-4-L-ket oarabinoside. is analogous to sucrose 
in structure and certain chemical reactions. 

2. A new reducing disaccharide has been synthesized trom glucose-1- 
phosphate and L-arabinose with the same enzyme preparations. This has 
been identified as 3-(a-p-glucosido)-L-arabinose. Unlike sucrose and its 
analogues, this sugar has a free carbonyl group, is difficultly hydrolyzable 
with acid, does not give the Raybin reaction with diazouracil, and contains 
both monosaccharide components in the pyranose (six-membered ring) 
form. 

3. It has been demonstrated that both the reducing and non-reducing 
disaccharides are produced by the same enzyme and the possibility that an 
additional enzyme may be involved in the synthesis of p-glucosido-.- 
arabinose hus been shown to be remote. 

4. A number of other compounds have been tested as substrates for 
sucrose phosphorylase, both as substitutes for p-glucose-1-phosphate and 


for p-fructose. 
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AN ENZYMATIC METHOD FOR THE DETERMINATION 
OF URIC ACID IN WHOLE BLOOD* 


By WALTER D. BLOCK axon NAOMI C, GEIB 


(From the Department of Biological Chemistry and the Rackham Arthritis Research 
U'nit,t Wedical School, University of Michigan, Ann Arbor) 


(Received for publication, March 13, 1947) 


In 1939 Blauch and Koch (1) published an enzywmatiec method for the 
colorimetric determination of urie acid in whole blood. This method 
involves the use of the enzyme uricase for the specific destruction of uric 
acid. “True uric acid” values were obtained by the difference in the in- 
tensity of color produced before and after incubation with the enzyme. 
The authors reported “true uric acid’ values for normal whole blood 
averaging 2 mg. per cent and non-urie acid chromogenic values, calculated 
as uric acid, | mg. per cent. Recoveries of urie acid added to whole blood 
before deproteinization averaged 93.5 per cent. 

Bulger and Johns (2) later published a method similar in principle to 
that of Blauch and Koch. ‘True uric acid”’ was estimated by determining 
the reduction of alkaline ferricvanide by protein-free filtrates of plasma 
before and after uricase action. Recoveries of uric acid added to plasma 
were quantitative. Average values for normal plasma were 4 mg. per cent 
of “true uric acid”’ and 1.7 mg. per cent of non-uric acid. These workers 
suggested, as an explanation of the discrepancy between their results and 
those obtained by the method of Blauch and Koch (1), that in the latter 
procedure there is a depression of color development with phosphotungstic 
acid due to the presence of substances in the tungstate filtrate of blood, 
which do not, however, influence the reduction of alkaline ferricyanide. 
A colorimetric modification of the Bulger and Johns method has been 
recently published by Silverman and Gubernick (3). Lower non-uric 
acid values than Bulger and Johns reported were obtained by these workers 
(less than 1.0 mg. per cent); however, this procedure is still not applicable 
to whole blood. 

In view of the fact that there are many inherent errors in the Blauch and 
Koch (1) method and that the Bulger and Johns (2, 3) procedure is some- 
what involved and cannet be applied to whole blood, we thought it worth 
while to reinvestigate the problem and to attempt to develop a specific 


*Supported in part by a grant from Eli Lilly and Company, Indianapolis 


t The Rackham Arthritis Research Unit is supported by the Horace H. Rackham 
School of Graduate Studies of the University of Michigan. 
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method for the determination of urie acid which could be applied to whole 
blood, as well as to plasma and serum, and to adapt the method to the 
photoelectric colorimeter. 

Early in the investigation it was found that if the Folin reagents (4) 
namely phosphotungstie acid and urea-cyanide, were used, a constant 
center setting on the photoelectric colorimeter could not be obtained 
because of a gradual development of color due to the reagents. Blaueh 
and Koch (1) experienced the same difficulty. However, it was found by 
one of us in previous work (5) that by employing the arsenophosphotung. 
stic acid reagent of Benedict (6) and the urea-cyanide reagent of Christman 
and Ravwitch (7) no color developed due to the reagents and a constant 
center setting could be obtained on the colorimeter. 

Accordingly, these reagents were employed and a standard urie acid 
calibration curve was established. The desired volume of standard urie 
acid solution (lithium carbonate standard) (5) was measured into a 25 ee. 
volumetric flask, 2.5 ce. of urea cyanide and 2.0 ec. of arsenophosphotung- 
stic acid (6) (diluted 1:4) were added, and the flasks were immediately 
made to volume. The color was read at 40 minutes in the photoelectric 
colorimeter with Filter 660. It was found that the color did not follow 
Beer’s law over the desired range of concentrations, so that it was necessary 
to use a calibration curve. 

Using the curve thus obtained, we applied this direct procedure to whole 
blood and to plasma. It was found that if varying amounts of the same 
filtrate of whole blood (3 to 10 ec.) were analyzed, different values in terms 
of mg. per 100 cc. were obtained. However, with plasma filtrates the 
uric acid values did not show as great a variation (Table 1). In addition, 
for a fixed amount of filtrate recoveries of added uric acid varied from 95 
to 130 per cent. 

In view of these findings it was apparent that this direct procedure 
with uricase could not be used, first because the recoveries of uric acid 
added to whole blood and plasma were inaccurate and, second, because 
the directly determined uric acid in whole blood varied with the volume 
of protein-free filtrate employed (Table I). This factor is particularly 
important in view of the fact that 5 ec. of protein-free filtrate are used for 
the determination of total chromogenic value and 10 ec. for the non-une 
acid chromogenic value. 

Discrepancies in uric acid values found in whole blood and serum have 
been previously reported (8, 9), and it has been felt that the method for 
whole blood is less reliable because of the concentration of interfering 
substance in the red cells. Ergothioneine and glutathione both exist in 
high concentrations in the human red cell. Because these substances are 
removed in the Newton (10) method for the determination of uric acid in 


’ 
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blood, by a preliminary precipitation of ergothioneine and glutathione with 
lithium chloride and silver nitrate, an investigation of the method was 
earried out. However, in this procedure arsenotungstic acid and urea 
evanide are employed for the development of color. Sinee we were 
unable to obtain the same intensity for constant concentrations of uric 
acid with different preparations of arsenotungstic acid, arsenophosphotung- 
stie acid (6) and the urea-cyanide, devised by Christman and Ravwitch (7), 
were substituted. The removal of ergothioneine and glutathione with 
silver as suggested by Newton (10) was adopted. The silver precipitation 
was modified so as to allow accurate pipetting of samples instead of de- 
canting; that is, twice the amount of filtrate desired was treated with 


I 
Urie Acid Concentration in Varying Amounts of Filtrate 
Uric 
Volume of filtrate 
mc. per coni mc. per cont 
Whole blood 3 4.61 4.72 
5 4.79 4.80 
5.38 | 4.75 
t 
Plasma 3 | 6.11 | 6.78 
6.42 
Serum 3 5.75 
5 | 5.78 
10 5.00 


lithium chloride and silver nitrate solutions and one-half the total volume 
of supernatant fluid taken for analysis. 

A calibration curve was established with a lithium carbonate-urie acid 
standard (5). ‘To each aliquot of this standard solution which contained 
a different amount of urie acid, | ce. of hydrochloric acid (3.5 per cent by 
volume) was added. The addition of this amount of hydrochloric acid 
approximated the acid concentration of a blood filtrate after the removal 
of ergothioneine and glutathione with lithium chloride and silver nitrate. 
This was necessary, since it was found that varying amounts of acid 
influenced the color development. With this modification the following 
procedure was employed: 2 cc. of arsenophosphotungstic acid diluted 1:4, 
2.5 ce. of the urea-cyanide mixture, and 1 ec. of a 3.5 per cent solution of HC! 
were added to an aliquot of a standard uric acid solution in a 25 ce. vol- 
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umetric flask, which was immediately made to volume. The color was 
read in the Evelyn photoelectric colorimeter with Filter 660 after 4 
minutes, at which time the color was constant and maximum. A constant 
center setting was obtained with a constant A value (0.0134) for concen. 
trations of uric acid ranging from 10 to 60 y (Table II). 

The modified Newton procedure was applied to whole blood, plasma. 
and serum. It was found that different amounts (3 to 10 ec.) of tungstie 
acid filtrate gave similar values for urie acid when expressed as mg. per 
cent (Table I). These findings suggest that glutathione and ergothi- 
oneine may account for the disproportionality observed when different 


Taste Il 


Reproducibility of Chemical Method for Determination of Lithium Urate and Constaney 
of Ratio of Photometric Density to Concentration of Compound 


Average photo. | 

| 
10 4 74 0.1323 0.0132 
20 | 5 53°, 54” 0. 2686 0.0134 
30 5 38°, 40 0.4000 0.0136 
40 | 5 20°, 30" 0.5200 0.0132 
5 22, 22 0.6505 0.0130 
60 | 4 16, 16" 0.7860 | 0.0131 

Average 0.0134 


center setting of 79° and Filter 660. 

+ This is analogous to optical density as measured on a spectrophotometer and 
corresponds to the quantity (2 — log 10 of the galvanometer reading). 

t These values are obtained by dividing the photometric density by the amount of 
the lithium urate in the test solution. 


amounts of filtrate in which they are present are analyzed by the direet 
method (Table 1). To investigate this possibility, known amounts of 
glutathione and ergothioneine were added to pure urie acid solutions of 
known concentration and their effect on the color development determined. 
The direct method of Benedict, modified as previously described, with 
2 ce. of arsenophosphotungstic acid and 2.5 ec. of urea-cyanide, was used 
(Table I11). 

Although the present study in some cases deals with amounts of these 
substances larger than those normally present in blood, the results show 
that, while glutathione itself gives no measurable uric acid color, the 
addition of this substance to a pure solution of urie acid or to a pure 


These values correspond to the maximal blue color mi hen taken with a 
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oa solution of ergothioneine, or to a solution of urie acid plus ergothioneine 
er 40 | does cause a definite increased production of color. The increase in color 
stant produced becomes greater as larger amounts of glutathione are added. 


Taste Ill 


usa, | Effect of Ergothioneine and Glutathione on Color Value of Urie Acid in Pure Solutions 


a Substance Color value expressed as uric acid 
rothi- Uric acid Ergothioneine Glutathione bound Theoretical® Depression 
0 0 | 
0 | 
| 0 0 
0 14.52 | 
» 2.08 28.65 | 0.0 
» | 40.46 2.3 
» 20.00 | 0.0 
25.00 20.00 | 2.0 | 
0 12.39 | Gea 
iths 17.5 14.52 21.1 
0 le 22.24 14.52 53.2 
and 23.00 4.52 | 9.0 | 
0 100 30.01 20.46 (| 
it of 13.55 29.46 47.5 
| a6. 04 H.52 6.3 
rect #4 .52 15.4 
» 2.31 M52 22.5 
of » 100 58.80) 419.46 
ed. 
ith | * Color value of 0 y of urie acid plus color value of increasing amounts of either 
al ergothioneine or glutathione. 
on In contrast, although a pure solution of ergothioneine produces an ap- 
ii preciable color (approximately 30 per cent of that given by the same 


the concentration of uric acid), when it is added to a solution of pure uric 
acid there is an actual depression of uric acid color, the depression being 
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greater with increasing amounts of ergothioneine. In solutions in whieh 
all 3 of these substances are present, the actual color produced is not the 
sum of the colors due to the uric acid plus ergothioneine, but that sum as 
modified by the depression of color intensity caused by ergothioneine and 
the increase in color production caused by the glutathione. 

To study the effect of the addition of ergothioneine and glutathione te 
whole blood, the following experiment was done. Different amounts 
(3 to 10 ce.) of the protein-free filtrate of whole blood, whole blood plus 


IV 
Effect of Added Ergothioneine and Glatathione on Color Value of Urve Acid im 
Whole Blood 


Total 


filtrate uric acid added duction 
7 7 per per cont 
Whole blood’ 3 461 
23.97 4.74 
53.76 5. 
Whole blood + 50 4 3 16.32 | 4.84 | 18.68 12.6 5.4 
ergothioneine 5 20.50) 7.2) 5.5 5.9 
67.41 14.52 1.3 6.74 
Whole blood + 50 45 3 13.84 0 4.61 
glutathione 5 25.24 23.07 5.3 5.04 
Whole blood + 50 4 3 7.45 1S_6S 5.82 
ergothioneine + 5 31.82 7.8 0.2 6.36 
50 glutathione 10) 71.08 | 14.52 | 68.2 4.0 7.10 


. — 


* Before deproteinization (1:10 tungstie acid filtrate) 50 y of ergothioneine (or 
glutathione) per ec. were added. This represents a color value of 14.52 y expressed 
as uric acid (Table I) per 10 ec. of filtrate for only ergothioneine, since glutathione 
was found to give no color. 

+ Value of uric acid found in whole blood plus color value of ergothioneine added 
per aliquot of filtrate analyzed. 


SO y of ergothioneine per ce., whole blood plus 50 y of glutathione per ce., 
and whole blood plus 50 y of both substances were analyzed by the direct 
method (Table IV). Interpretation of these results is complicated by the 
fact that both substances added are already present in blood. In spite of 
this, however, the results are similar to those found with pure solutions. 
In whole blood to which ergothioneine was added the depression of color 
intensity is greater with smaller volumes of filtrate, but with larger vol- 
umes the amount of glutathione originally present is larger and would be 
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expected to cause a greater increased production of color. In whole blood 
containing added glutathione the increase of color intensity beeomes greater 
with larger amounts of filtrate analyzed. In blood to which both glutathione 
and ergothioneine were added, 3 ce. of the filtrate showed a slight depression 
of color. On the other hand, 5 ce. of filtrate showed a slight inereased pro- 
duction of color and 10 ec. a definite increase. These results might also 
he expected from previous findings that with smaller amounts of gluta- 
thione the effeet of ergothioneine in depressing color development may 
predominate but that as the amount of glutathione present increases this 
depression is obscured by the increased production of color due to the 
glutathione. 

In view of the above study, it seemed possible that the presence of these 
two substances, glutathione and ergothioneine in blood, with their opposing 
effects on color development, might account for the disproportionality 
found when different amounts of tungstic acid filtrate of whole blood are 
analyzed, that with the smaller amounts of filtrate the ergothioneine exerts 
a slight depressing effect on color intensity greater than the stimulation due 
to the small amount of glutathione present, but that with larger amounts of 
filtrate the stimulatory effect of the glutathione predominates. The result 
is a larger value of color intensity, when expressed as mg. per 100 cc., for 
10 ee. of filtrate than for 5 ce. or for 3 ce. 

Variation in recovery of uric acid added to blood has been found by 
various authors (4, 11). We have also found this to be true, using the 
direct procedure of Folin (4) as moditied by Blauch and Koch (1). These 
findings might be explained by the varying relationship of glutathione and 
ergothioneine to the added urie acid. Further, Bulger and Johns (2), 
using the direct method of Blauch and Koch, found that when urie acid is 
added to uric acid-free filtrates of blood after uricase action recovery was 
always incomplete (35 to 40 per cent). Since the recovery of urie acid 
from the uric acid-free filtrate was so much less than the recovery of uric 
acid added to whole blood, it was felt that some substance was present in 
the impure uricase which depressed color development. This possibility 
was investigated by the following experiment. 

100 mg. of uricase powder (5) were added to 20 ce. of distilled water in a 
0) ec. volumetric flask and incubated for 2 hours at 45°. This suspension 
was deproteinized. ‘To 5 ce. aliquots of this filtrate a known amount of a 
lithium carbonate-urie acid standard (5) was added. The urie acid was 
determined by the Benedict procedure (6) with arsenophosphotungstic 
acid and the urea-evanide (7). It was found that recoveries varied from 
S7 to 90 per cent. 

The same amount of uricase powder as was used in the above experiment 
was added to whole blood, plasma, and serum. After incubation, the 
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three suspensions were deproteinized. Uric acid was then added to each 
uric acid-free filtrate. In each instance the recovery of the added uric 
acid was low. With blood recoveries averaged 51 to 65 per cent, plasma 
75 to 80 per cent, and serum 80 to 82 per cent. These results would seem 
to indicate that at least a part of the depression of color development may 
be attributed to the impure uricase preparation. 

Because of these results we felt that it was necessary to prepare a purified 
enzyme for use in the incubation of blood. Davidson (12) published 
method for the preparation of a highly purified uricase. This method is 
rather long, and it would be impractical in a routine determination of urie 
acid in blood. In order to overcome these objections the following pro- 
cedure was used to obtain an active preparation which would not have an 
inhibitory action when added to blood: 10 gm. of uricase powder (5) were 
stirred with 100 ec. of ice-cold 0.1 mM phosphate buffer at pH 7.4, allowed to 
stand 20 minutes, and centrifuged. The supernatant was discarded. 
The residue was stirred with 200 cc. of 0.1 M borate buffer (pH 10) at 38°, 
allowed to stand 20 minutes, and centrifuged. The extract was filtered, 
an equal volume of saturated ammonium sulfate added, and the suspension 
allowed to stand overnight. After centrifuging, the supernatant was 
disearded and the precipitate dissolved in 100 ec. of distilled water. Each 
ec. of this water solution represented 100 mg. of the original uricase powder. 
We found that 1 ce. of this uricase solution would destroy 150 to 170 ¥ of 
uric acid. When 10 ce. of this extract were suspended in water, inew 
bated for 2 hours at 45°, and then deproteinized, the uric acid added to this 
deproteinized filtrate was completely recovered. 

It is interesting to recall that if different amounts of filtrates of whole 
blood and plasma are analyzed by the direct procedure, with arseno- 
phosphotungstic acid (6) and urea evanide (7), variations of values ar 
obtained when expressed as mg. per cent. This is also true of the non-urie 
acid chromogenic value, indicating that whatever is disproportional in 
blood also exists after treatment with uricase. Therefore, it was necessary 
to use the modified Newton procedure for the non-urie acid color deter- 
minations as well as for the direct. 


Procedure 


Reagents 

Lithium chloride solution. 7.5 gm. of lithium chloride and 35 ce. of 
concentrated hydrochloric acid were dissolved in distilled water and 
diluted to 1 liter. 

2.9 per cent silver nitrate. 

Stock arsenophosphotungstic acid diluted 1:4. 

Urea cyanide (7). 


OSS 
| 
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Determination of Total Color 4 ce. of whole blood or serum or plasma are 
laked with 28 ee. of distilled water and deproteinized by adding 4 ce. of 10 
per cent sodium tungstate and 4 ce. of 7. N sulfuric acid. After centrifuging, 
the supernatant is filtered and 10 ce. portions of the filtrate transferred to 
15 ec. centrifuge cone. 2 ec. of the lithium chloride solution and 2 cc. 
of silver nitrate are added to each tube and immediately centrifuged. 
of the supernatant are pipetted trom each sample into a 25 cc. volumetne 
flask, and at minute intervals 2.5 ce. of urea-evanide and 2 ce. of the 
arsenophosphotungstic reagent are added and the flasks diluted to volume 


V 


Recovery of U rie Acid Added to Whole Blood, Plasma, and Serum Before De protein- 
ization and to Filtrate After Uricase Action 


The volume of the filtrate was 5 cc. in all cases. 


Uric acid Uric acid added — Recovery 
7 per cent 

Whole Blood I 23.85 0 
33.36 | 10 05.1 
38.62 15 O84 

34.48 10 100.0 
39.85 | 15 102.0 

Plasina 26.27 | 0 
36.04 10 103.7 
41.23 1S wi 7 

Serum 28 SS 
39.55 10 1H 
44.62 1S 102. 6 

Whole Blood I after uricase action 3.90 0 
23.00 100.0 
30 


immediately. ‘The color is allowed to develop for 40 minutes and read in 
the photoelectric colorimeter with Filter 660. 

Determination of Residual Color 8 ee. of whole blood or plasma or 
serum are introduced into a 250 ce. Erlenmever flask and diluted with 
48 ec. of distilled water, 8 ec. of the enzyme preparation are added, and 


‘the flask incubated at 45° for 2 hours. The blood is deproteinized with 


8 ec. of 10 per cent sodium tungstate and 8 ce. of 7 N sulfurie acid. After 
centrifuging, the supernatant is filtered and 20 ce. portions of the filtrate 
are pipetted into 50 ec. centrifuge cones. To each are added 2 ce. of 
lithium chloride and 2 ec. of silver nitrate and the tubes are immediately 
centrifuged. 12 ec. of the supernatant are then analyzed as described for 
the direct procedure. 
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Studies were made on the accuracy with which known amounts of urie 
acid could be recovered when added to whole blood, plasma, and serum 
before deproteinization and to the filtrate of whole blood after uricase 
action (Table V). These data indicate that uric acid added to whole blood, 
plasma, or serum can be recovered quantitatively (05.1 to 104.5 per cent). 
In addition uric acid added to the filtrate of whole blood after the action of 
uricase can be recovered quantitatively. It should also be pointed out 
that there is still a residual (non-urie acid chromogen) color by this pro- 
cedure. It is essentially the same in whole blood (0.25 to 0.51 mg. per 
cent), plasma (0.32 to 0.45 mg. per cent), and serum (0.48 to 0.65 mg. per 
cent). The cause of this residual color is unknown but possibly may be 
due to the presence of ergothioneine not completely removed by the silver 
precipitation. 

When this procedure was employed in a large number of bloods of 
normal individuals, it was found that the “true urie acid” of whole blood 
varied from 2.53 to 4.42 mg. per cent. The residual chromogen averaged 
0.25 to 0.51 mg. per cent. 


SUMMARY 


1. An enzymatic procedure is presented for the accurate determination 
of uric acid in whole blood, serum, and plasma. 

2. With this procedure the “true uric acid” values of normal human 
blood varied from 2.53 to 4.42 mg. per cent. 

3. A study of the effect of ergothioneine, glutathione, and impurities 
present in the usual uricase preparation (1) on the accuracy of the deter- 
mination of uric acid in blood is presented. 
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TWO ANTIBIOTICS (LAVENDULIN AND ACTINORUBIN) 
PRODUCED BY TWO STRAINS OF ACTINOMYCES 


Il. PURIFICATION AND ISOLATION* 


Br RENATE JUNOWICZ-KOCHOLATY anno WALTER KOCHOLATY?t 


(From the Departments of Physiological Chemistry and Bacteriology, School of 
Medicine, University of Pennsylvania, Philadelphia) 


(Received for publication, February 14, 1947) 


This paper describes the purification of two antibiotic substances pro- 
duced by strains of Actinomyces isolated from soil. Both organisms were 
isolated and studied by Dr. Albert Kelner of the University of Pennsylvania 
for their cultural characteristics and conditions for maximum production 
of the antibiotic substances. Animal experiments, determination of anti- 
bacterial spectrum, ete., were conducted by Dr. Harry FE. Morton, also of 
the University of Pennsylvania (1-3). 

One strain of Actinomyces, designated as \-10 in earlier work, resembles 
Actinomyces lavendulae, and the antibacterial substance produced by it has 
been called lavendulin (2). The other strain of Actinomyces, originally desig- 
nated as A-105, resembles in some respects Actinomyces erythreus, A. fradii, 
A. albosporeus, and A. californicus, and the antibacterial substance pro- 
duced by it has been called actinorubin (2). Under suitable conditions of 
growth both strains of Actinomyces produce antibacterial substances which 
are active against both Gram-positive and Gram-negative microorganisms. 

Purification of the antibiotics is achieved by the same method. The 
antibiotic principle is adsorbed on a cation exchanger (notably Decalso) 
and eluted with saturated NaCl The NaCl eluate contaiming the active 
principle is evaporated to dryness and extracted with boiling methanol. 
The methanol extract is precipitated with half its volume of ether, the 
supernatant discarded, and the precipitate washed with absolute ethanol. 
The resulting dried powder is the partially purified antibiotic. Most of 
the animal and toxicity experiments conducted by Dr. Morton were carried 
out with these preparations. The final purification of the antibiotics is 
accomplished through chromatographic adsorption on activated aluminum 
oxide in 85 per cent methanol. Certain fractions of the chromatogram con- 
taining the hydrochlorides of lavendulin (strain A-10) and actinorubin 
(strain A-105) form insoluble addition compounds with methyl orange, 
which are recrystallized from methanol-water mixtures. 


* This project has been supported by the Thomas Harvey Dougherty, Jr., Fellow- 
ship for Research in Brucellosis Fund and by grants from the Smith, Kline and French 
Laboratories and the Department of Agriculture, Commonwealth of Pennsylvania. 

t Thomas Harvey Dougherty, Jr., Research Fellow in Brucellosis. 
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EXPERIMENTAL 


Assay of Antibiotic Activity The antibiotic activities of strains A-10 
(avendulin) and A-105 (actinorubin) are assayed by the streak test. Speei- 
fied amounts of the antibiotic principle are mixed with 10 ml. of Baeto- 
nutrient agar, pH 7.3, ina Petri dish. (Bacto-nutrient agar, dehydrated, 
is employed as in standard methods of water analysis. It contains 50 
gm. of Bacto-peptone, 3.0 gm. of Bacto-beef extract, and 15.0 gm. of agar 
per 1000 ml. of distilled water. ‘The medium is adjusted so that after auto- 
claving the reaction will be pI] 7.3.) After solidification, the test organism 
(Escherichia coli, University of Pennsylvania strain P216) is streaked upon 
the agar and the plates are incubated 18 to 20 hours at 37°. The smallest 
amount of the antibiotic per ml. of nutrient agar which suppresses growth 
of Escherichia coli under conditions of the test is called | dilution unit. 

The progress of purification is followed by the relation of drv weight te 
activity and is expressed in weight per dilution unit. 

Purification of Antibiotic Principle of Actinomyces Strain A-10 (Laven- 
dulin)~ The method of purification is best illustrated by deseribing a 
typical experiment. 22.5 liters of crude culture of strain A-1O, assaying 
3.38 X 10° dilution units and having a pH of 5.3, were adjusted with 10 
per cent NasCO; to pH 7 and stirred with 450 gm. of Decalso (50 to 80 
mesh) for 2 hours at room temperature. After the Decalso had settled, the 
supernatant was discarded; the sediment was washed on a Biichner funnel, 
first with distilled water until the wash water was clear, then with acetone, 
and finally dried at 28-30°. 

A glass tube, 3 cm. inside diameter and 120 em. high, was closed at one 
end by a perforated rubber stopper which carried a small glass tube and a 
screw clamp. Above the rubber stopper was placed a small layer of glass 
wool and a net of monel metal. The dried sediment was poured into the 
glass tube, tapped tight, and then completely moistened with a saturated 
solution of NaCl, added at the rate of 14 to 2 minutes per 20 gm. of Deealso. 
As soon as the saturated solution of NaCl reached the bottom of the column, 
the screw clamp was closed and the column was allowed to stand overnight 
(15 to 18 hours). The column was then drained by opening the serew 
clamp on the bottom while fresh saturated NaCl was fed continually to the 
top of the column. The rate of flow was approximately 1 ml. per minute. 
A total of 340 ml. was collected (15 ml. per 20 gm. of Decalso). The eluate 
contained all the original activity and was of a brown color. It was evapo- 
rated to dryness at 45° in vacuo and dried over P20; in a vacuum desiccator. 

The dried material, containing the antibiotic and a considerable amount 
of NaCl, was pulverized and extracted with boiling absolute methanol. 
For the first extraction 100 ml. of methanol were used, which removed 75 


| 

' 
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per cent of the total activity. A second extraction with 50 ml. of boiling 
methanol removed an additional 15 per cent of the original activity. Al- 
though further treatment with methanol would extract all the antibiotic 
activity, it was found unprofitable to work up these extracts. The NaC! 
residue containing the unextracted antibiotic can be recirculated in the 
column extraction process. 

The brownish colored methanol extracts were allowed to stand in the 
refrigerator for a day or longer, where dark brown gummy precipitates 
formed and the supernatants became greenish brown. The combined 
methanol extracts (120 to 150 ml.), after removal of the inert pigments, 
were treated at refrigerator temperature with half their volume of cold 
absolute ether; the precipitate was centrifuged, washed with about 120 to 
150 ml. of absolute ethanol, and dried in vacuo. The resulting material 
contained on the average about 75 per cent of the original activity. (Valies 
of from 70 to SO per cent are regularly obtained.) The supernatant after 
the ether precipitation contained about 8 to 16 per cent of the original 
activity, much inert material, and some pigment. The washing with 
ethanol resulted in only a slight loss of active material (2 to 4 per cent). 

The antibiotic thus obtained assayed between 0.5 and | y per dilution 
unit (indicating a 30- to 60-fold purification compared to the crude culture), 
contained 5 to 10 per cent ash, was light green in color, and was quite 
hygroscopic. This was the material used for most of the preliminary 
animal experiments carried out by Dr. Morton. 

Chromatographie Purification of Antibiotic Principle of Strain A-10 
(Lavendulin); General Considerations Our observations from the studies 
of the behavior of the antibiotic of strain A-10 (and also of strain A-105) 
were similar to those observed by other workers (4) in the purification 
of streptomycin. Alkaline alumina or alumina adjusted with HCl 
was found quite unsatisfactory for the purification process. Alumina 
adjusted with sulfuric acid permitted passage of a solution of either laven- 
dulin or actinorubin in 80 per cent methanol rather rapidly through the 
column without effecting an appreciable purification, while in 90 per cent 
methanol both antibiotics moved exceedingly slowly in the column. 
Therefore, 85 per cent methanol was chosen as the solvent for the anti- 
bacterial principles of strains A-10 and A-105. 

Preparation of Column— Brockmann’s or Fisher's adsorption alumina 


was acidified with 50 per cent sulfuric acid to pH 5 to 6 and poured as a 
slurry into a column of 3 em. inside diameter and about 40 to 50 em. in 
height, and tapped. The column was washed immediately with 500 ml. 
of 85 per cent methanol, and then the antibiotic, dissolved in 85 per cent 
methanol, was added. 

Procedure -A preparation of lavendulin obtained as deseribed above, 
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containing 6.86 X 10° dilution units, was dissolved in 100 ml. of 85 per cent 
methanol and added slowly to the column. The column was then washed 
with 85 per cent methanol and the percolate collected in 100 ml. fractions. 
The results are summarized in Table I. 

Washing the column with 50 per cent methanol permitted the recovery 
of practically all of the remainder of the activity. The different fractions 
of the eluates were tested for their ability to form crystalline addition com- 
pounds with methyl orange as reported by Kuehl e/ al. (5) for streptothriein 
and streptomycin. Fractions 9 to 15 were found to be the most suitable. 


Tassie | 
Fractionation of Lavenditin on Alumina (in 85 Per Cent Methanol) 


0 It 230,000 
2 17 230,000 
3 | 0 Is 230.000 
4 | 19 230 000 
5 0 140.000 
< 35,000 21 140.000 
7 70,000 22 140,000 
140,000 23 70000 
280,000 4 | 70,000 

10 280.000 < 35000 
1} 350), 000 26 
12 466 , 000 - 
13 466 , 000 Total dilution units 1.278.000 
14 4166 , 000 Recovery .. 62°; 
15 280 000 


Crystallization—-TYo 93 ml. of Fraction 13 (about 430,000 dilution units) 
were added at room temperature 46 ml. of H,O containing 866 mg. of 
sodium helianthate. After standing overnight in the cold, the precipitate, 
containing about 80 per cent of the total activity and consisting of clusters 
of orange needles, was recrystallized twice from 50 per cent methanol and 
finally once from 20 per cent methanol. The activity of the lavendulin- 
helianthate, dried over POs, was found to be between 0.3 and 0.5 y per 
dilution unit. 

Analysis'—A sample of lavendulin-helianthate (Fraction 14, Table D, 
twice recrystallized from 50 per cent methanol and once more from 20 
per cent methanol, gave the following analysis: C 51.16, HL 5.09, N 17.32, 


! The analyses of lavendulin and actinorubin reported here were carried out by the 
Smith, Kline and French Laboratories, Philadelphia. 
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$9.17. The observed values agree fairly well with the empirical formula 
Ss; they fit, somewhat less well, with CaulleOuN and 
CywHaOcNS. Attempts to calculate the empirical formula for the free 
base, from the above helianthates, were unsatisfactory. The melting point 
was found to lie between 212-220° (corrected, decomposition). 

The addition compound of lavendulin (strain A-10) with sodium helian- 
thate was quite soluble in 80 per cent methanol (even at refrigerator tem- 
perature) and quite insoluble in 20 per cent methanol. In 40 to 50 per cent 
methanol the lavendulin-helianthate crystallized in the form of very small 
compact clusters of needles of an orange color. In 20 per cent methanol 
the addition compound consisted of loose clusters of needles which broke up 
readily into irregularly shaped triangular blades. 

Purification of Antibiotic Substance Produced by Strain A-105 (Aetino- 
rubin)—The purification process of this antibiotic follows quite closely the 
description given for lavendulin. A typical experiment will suffice. 22.5 
liters of crude culture (pH 8.2), produced by stationary cultivation and 
assaying 200 dilution units per ml., were adjusted with 10 per cent HCI 
to pH 7 and stirred at room temperature with 20 gm. of Decalso per liter 
for 2 hours. The Decalso was dried and eluted with saturated NaCl as 
described for lavendulin. The vield was quantitative (4.5 * 10® dilution 
units) and usually somewhat higher, apparently on account of an inhibitor 
which was removed during this process. The eluate was evaporated to 
dryness at 45° in vacuo and extracted with 150 ml. of boiling absolute 
methanol. A single extraction removed 0 per cent of the total activity, 
ie., 4.05 108 dilution units. 

The methanol extract, after standing 24 hours in the refrigerator, de- 
posited a considerable amount of inert pigments and was filtered. Half 
of its volume of cold ether was added at refrigerator temperature, the 
material centrifuged, and the resulting precipitate washed twice with 100 
ml. of cold absolute ethanol and dried in vacuo. It contained the partially 
purified antibiotic. The supernatant, after the ether precipitation, con- 
tained 5 per cent and the washings with ethanol contained an additional 
2.5 per cent, approximately, of the activity. Yield, 3.71 x 10° dilution 
units, or 82.5 per cent of the original activity. 

The antibiotic thus obtained was a brownish powder, quite hygroscopic, 
assayed 0.5 to 0.6 y per dilution unit, and contained 3 to 5 per cent ash. 
This material was used for most of the preliminary animal experiments 
carried out by Dr. Morton. 

Chromatograp'vic Purification of Antibiotic of Strain A-105 (Actinorubin) 
The procedure was exactly as described for the purification of lavendulin by 
chromatographic adsorption. A preparation containing 6.8 < 10* dilution 
units in 85 per cent methanol was percolated through the alumina tower, 
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developed with 85 per cent methanol, and the percolate collected in 109 
ml. fractions. The results are given in Table Il. By washing the column 
with 50 per cent methanol the rest of the activity may be recovered. 
Fractions 19 to 30 were used to prepare an addition compound of the anti- 
biotic with sodium helianthate. ‘To 1.13 & 10° dilution units of the above 
material (in 85 per cent methanol; 470 ml.) were added 2.26 gm. of sodium 
helianthate in 530 ml. of HLO. The precipitate which formed, after stand- 
ing overnight in the refrigerator, contained 85 per cent of the activity in the 
form of actinorubin helianthate. This helianthate, which consisted of 
round, reddish orange clusters of needles, was recrystallized twice from 40 


Fractionation of Actinorubin on Alumina in 85 Ter Cont Methanol 


Fraction No. wer La Fraction No. 
12 0 27 240,000 
13 <15,000 2s 240,000 
l4 30 240,000 
15 120,000 30 240.000 
16 120,000 31 240,000 
17 240,000 32 240,000 
Is | 240,000 33 240,000 
19 240, 000 | 34 120,000 
20 | 240, 000 | 35 120,000 
21 | 240,000 36 120,000 
22 240,000 37 120,000 
240,000 3s 120,000 
24 | 240,000 | 60,000 
| 240,000 40 60000 
26 240,000 


The first twelve fractions were inactive. Total, 5.08 « 1% dilution units; yield, 
75 per cent. 


per cent and finally once from 20 per cent methanol. The activity of the 
dried actinorubin helianthate was found to be 0.5 y per dilution unit. 
Analysis‘\—Two samples of actinorubin-helianthate were analyzed. 
One sample (Fractions 19 to 23, Table 11) was recrystallized three times 
from 50 per cent, then once more from 30 per cent methanol. The second 
sample (Fractions 24 to 30) was recrystallized three times from 40 per cent, 
once from 50 per cent, and once more from 20 per cent methanol. The 
analysis for the first sample gave C 51.38, 51.38, Hl 5.80, 6.07, N 17.38, 
17.26, 8 8.92, 8.82. The second sample gave C 51.37, 51.48, H 5.94, 5.91, 
N 17.51, 17.29, 8 7.33, 7.35. Ash was visible, but only a trace in both 
samples. The discrepancy in the sulfur content of the two samples makes 
the establishment of a definite chemical formula impossible. A dihelian- 
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thate of a base Cel yNoO: or CoHeNsO, can only be tentative. The melting 
points of the helianthates varied between 206-214° (corrected, decom- 
position ). 

(Comment 

The active percolates of lavendulin and actinorubin hydrochlorides, after 
chromatographic purification, are colorless and, when evaporated, consist 
of white hygroscopic powders. The dry weight of the most potent frae- 
tions of lavendulin was 0.2 y per dilution unit and of aectinorubin 0.18 > 
per dilution unit. Assuming that the antibiotics thus obtained are chem- 
ically pure, one can caleulate that | liter of crude culture contains about 
40 mg. of the antibiotic under average conditions. 

Lavendulin and actinorubin are similar in many respects. Both give 
4 positive biuret test and negative Sakaguchi and Molisch reactions. Both 
will reduce Fehling’s solution slowly on boiling and reduce dilute KMnO, 
in the cold. In this respect they resemble streptothricin. Both substances 
dialyze readily through cellophane,’ and, when purified, will withstand 15 
minutes boiling in aqueous solution at pH 6 to 7 without loss in activity. 

The purification process as described for lavendulin and actinorubin 
permits high recoveries and bas the advantage that every step in the process 
may be interrupted at any time without loss of material. The antibiotics 
once adsorbed on Decalso can be stored in the cold in the dry state for 
months without loss in potency. The same holds true for the liquid or 
dried NaCl eluates and the methanol extracts. The NaCl residues, after 
the methanol extractions, still contain a small amount of active material 
and this can be returned in the column elution process, permitting even 
higher yields. 

The antibiotics, lavendulin and actinorubin, may be purified by the 
earbon-methanol-HCI process as used in the purification of streptothricin 
and streptomycin (4). When this process is used, the yields are much 
lower than those resulting from the cation exchanger method. We have 
used the cation exchanger process in the purification of streptothricin 
‘unpublished experiments) and obtained similar high yields as with laven- 
dulin and actinorubin. 

It is unfortunate that the chemical analysis does not permit the estab- 
lishment of a definite chemical formula for both antibioties at the present 
time. 


SUMMARY 


From two strains of Actinomyces isolated from soil, two antibiotic prin- 
ciples, lavendulin and actinorubin, have been isolated as crystalline helian- 
thates. Both antibiotics are of a basic nature and are similar to each other. 


* Visking Corporation, Chicago. 
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Only tentative formulae for their composition can be established. The 
purification and isolation of the two antibiotics are described. Their 
chemical characteristics and reactions and their antibacterial spectra 
suggest some resemblance of lavendulin and actinorubin to streptothriecin. 
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SULFACTIN, A NEW ANTIBLOTIC SUBSTANCE PRODUCED BY 


A SOLL ACTINOMYCES* 


By RENATE JUNOWICZ-KOCHOLATY, WALTER KOCHOLATY.+ 
ALBERT KELNER? 


(From the Departments of Physiological Chemistry and Bacteriology, and the 
William Pepper Laboratory of Clinical Medicine, School of Medicine, 
University of Pennsylvania, Philadelphia) 


(Received for publication, February 17, 1947) 


We have isolated in crystalline form an antibiotic substance from the 
culture filtrate of an Actinomyces (R-30) found by one of us (R. J.-K.) in 
non-manured soil. It is active against certain Gram-positive organisms 
and inactive against Gram-negative bacteria. 

The Actinomyces, designated as R-30, was studied by one of us CA. K.) 
and found to resemble Actinomyces roseus in some respects. It is impos- 
sible to state whether it is a variant of Actinomyces roseus or a new species. 
No true spirals were seen but some aerial hyphae formed loops. Conidia 
are large, spherical, and borne in chains. The optimum temperature for 
growth is about 25°; growth takes place at 20° and 37° but not at 15°. 
Peptone and gelatin media are not blackened. \ faint pink soluble pigment 
is produced in caleium citrate, glucose-asparagine, and Czapek agar con- 
taining glucose instead of sucrose. No soluble pigment was formed in other 
media studied. There was abundant gray-buff growth on nutrient agar; 
sporulation was moderate, white, becoming faint pink. Moderate gray 
growth was observed on glucose-asparagine agar with bright pink spores. 
(jrowth is seanty, with pink spores, on Czapek agar and glucose-nitrate agar. 
There is moderate pink vegetative growth on calcium citrate agar with 
pink spores; the margin of the colony is white. Growth on caletum malate 
agar is moderate, with white spores becoming pink. There is good growth 
of dull pink color on potato, with very few white spores and questionable 
darkening of the potato. Hydrolysis of starch is very pronounced. Gel- 
atin is liquefied; milk becomes alkaline and is digested. 

The antibacterial substance can be extracted from the crude culture with 
n-butanol. The dry residue, after evaporation of the solvent, is extracted 


* This project has been supported by the Thomas Harvey Dougherty, Jr, Fellow- 
ship for Research in Brucellosis Fund and by grants from the Smith, Kline and French 
Laboratories and the Department of Agriculture Commonwealth of Pennsylvania. 

* Thomas Harvey Dougherty, Jr. Research Fellow in Brucellosis. 

$ Present address, Biological Laboratory, Long Island Biological Association, Cold 
Spring Harbor, New York 
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with chloroform and purified by chromatographic adsorption on Florisil! 
The chemical analysis of the antibiotic showed a relatively high content of 
sulfur. For this reason, we have named the new substance sulfactin. It 
is the first antibiotic substance containing sulfur which has been isolated 
from an Actinomyces. 

EXPERIMENTAL 

Assay The antibiotic activity is assayed by the streak test against 
Staphylococcus aureus, FDA strain. 1 dilution unit ix the smallest amount 
of the antibiotic in 1 ml. of nutrient agar which will suppress growth of 
Staphylococcus aureus under the conditions of the test. 

Specified amounts of the antibiotic are mixed with 10 mil. portions of 
Bacto-nutrient agar, pH 7.3, in Petri dishes. (Bacto-nutrient agar, de- 
hydrated, as used in standard methods of water analysis, is used. It 
contains 5 gm. of Bacto-peptone, 3 gm. of Bacto-beef extract, and 15 gm. 
of agar per 1000 ml. of distilled water. The medium is adjusted so that 
after autoclaving the final pH is 7.3.) After solidification, the test organ- 
ism (Staphylococcus aureus) is streaked on the agar and incubated at 37° 
for 18 to 20 hours. 

Bacillus mycoides is somewhat (2 to 4 times) more resistant and Bacillus 
subtilis is about 2 to 3 times more susceptible than Sfap/ylococeus aureus 
to the action of sulfactin and these organisms can be used for assay pur- 
poses by the filter paper disk or cup methods. 

Production of Antibiotic Substance ~The culture medium consists of 10 
gm. of soluble starch, 5 gm. of Bacto-tryptone, 2 gm. of K,HPO,, 2 gm. of 
NaCl, and 10 mg. of FeSO,-7H,0 in 1000 ml. of distilled water. 250 ml. 
portions of this medium are placed in | liter Erlenmeyer flasks, autoclaved, 
and inoculated with a spore culture of the Actinomyces which has been 
grown on glucose-asparagine agar. 

The Erlenmeyer flasks are placed on a shaker (2 inch stroke, 100 strokes 
per minute) and incubated from 4 to 7 days at 28-30°. On the 3rd day of 
incubation the activity is usually 300 to 400 dilution units per ml. and in- 
creases between the 4th and 7th days to LOOO to 4000 dilution units per ml. 
During this time the pH increases from 7.0 to 8.2. Further incubation 
results in a slow decrease of the activity and a continued increase in the pH. 

Purification —10 liters of a crude culture, assaying 1330 dilution units 
per ml., of p11 8.2, were centrifuged to remove the Actinomyces and some of 
the slimy substance which had formed during the incubation. It vielded 
7800 ml. of a clear, viscous liquid containing 10,420,000 dilution units. 
This crude culture centrifugate was adjusted to pH 7.0 with 3 ~ sulfurie 


' The Florisil was kindly supplied by the Floridin Company, Warren, Pennayl- 
vania. 
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acid and extracted once with one-fourth of its volame of n-butanol. The 
resulting emulsion was broken up through centrifugation. [1320 mil. of 
butanol extract were obtaimed with 5,300,000 dilution units or 50) per cent 
of the activity of the erude culture centrifugate. The butanol was evapo- 
rated in vacuo at AD), further dried over CaCl: in vacuo, and the dry residue 
extracted twice with 60 ml. of botling ether to remove «a gummy, vellow 
substance. The active principle was extracted at 45° with several small 
portions chloroform which were filtered and gave a total volume of 34 
mi. with 7.520.000 dilution units. (This disappearance of the activity in 
the butane! extract and the reappearance in the chloroform was repeatedly 
observed, even with the purification of highly active erude cultures.) 

The dark brown chloroform extract was purified by chromatography. 
A column 2 em. in diameter was filled with Florsil to a height of 21 em. and 
washed with chloroform previous to adding the chloroform extract. The 
development and extractions are shown in Table 1. 


Tinie | 


Adsorption and Elution of Salfactin on Florial 


Praction Solvent Percobate Netivity 

C 

2 5°, ethanel in chloroform 


The tirst portion of the percolate which showed activity was usually very 
slightly vellow, while the following portions were colorless. Fractions 
$to6, with a tetal activity of 6,001 000 dilution units (03 per cent recovery 
from the column), were combined and evaporated to dryness im vacuo at 
. The drv residue was extracted with about 7 ml. of chloroform at 45° 
and filtered through a fritted glass funnel. The antibtotie was ervstallized 
either by concentration of the chloroform or by the addition of ethanol. 
The erystals trom ehloroform were double pyramids which broke apart as 
soon as the mother liquid evaporated. If ervstallized from boiling aleohol, 
the substance formed needles whieh did not break up and were not hy- 
groscopic (see Fig. 1). 

The first erop of ervstals was slightly vellowish in color but became pure 
white after repeated erystallizations. The vield was 0.186 gm. of pure 
erystals (dried over POs), containing 10.13 per cent moisture (aleohol) 
and 6,200,000 dilution units, or 60 per cent of the erude culture centrif- 
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In highly active crude cultures, | dilution unit had a dry weight of 2.39 
y With 19.4 per cent ash. Ina less active culture 1 dilution unit was 7.2 ¥. 
In the erystallized sulfactin | dilution unit equaled 0.027 4 (no ash), whieh 
represented a 100- to 280-fold purification. 

Propertics The crystallized sulfactin is very soluble in’ chloroform, 
soluble in ethanol, ethyl acetate, dioxane, and butanol, and somewhat 
soluble in methanol. It is almost insoluble in water, ether, petroleum 
ether, and benzene. Sulfactin reduces Fehling’s solution upon boiling. 
The Sakaguchi, Moliseh, and biuret tests are negative. Ne eolor renetion is 
given with a | per cent solution of FeCl. A permanganate solution is re- 


¥ 


we), 


Fic. |. Photomicrograph of erystals of sulfactin (from ethanel-water); is! 


duced in the cold in either neutral or alkaline solution. “The substanee ts 
not hvgre mere pie. 

The pure material is not destroved in boiling aleohol. “The crude culture, 
if adjusted to pI 7 with hydrochloric acid and boiled for 30 minutes, will 
lose DO per cent of its activity. Sulfactin (in 30 per cent ethanol solution) 
dialyzes through cellophane with great loss of activity. Tt does not comtaim 
phosphorus. The qualitative analysis showed the presence of sulfur and 
nitrogen. 

Analysis A sample of sulfactin, several times recrystallized. was used for 
the analyses. It was dried over P2Os in vacuo at 61. (12 days drying were 


? All analyses reported in this section were kindly carried out by the Smith, Whine 
and French Laboratories. 
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required before the sample reached a constant weight.) The chemical 
analysis gave the following figures: C 50.15, 50.40, H 6.17, 5.92, N 17.20, 
17.22, S 14.01, 14.22. Caleulated for CygNyO*, C 50.34, H 6.12, 
N 17.01, 8 14.16. However, a formula having a lower molecular weight, 
such as, for instance, Cy:TLwOsN 2, seems to us also possible. The melting 
point was found to be 245-275 (corrected, decomposition ). 

Toxicity According to experiments conducted by Dr. Harry E. Morton 
of this University (in press) 1 ml. of the crude culture was non-toxic to mice. 
The purified substance has a favorable ratio of therapeutic to toxic dose. 


Notes and Comments 


The production of the antibiotic was subject to great variation, even if 
identical sets of spores were used for inoculation. In shallow layers the 
organism produces only about one-tenth of the activity obtained in a 
shake culture. 

The first experiments on the butanol extraction yielded invariably 90 
to 100 per cent of the activity from the crude cultures, while later on no 
more than 40 to 5O per cent of the original activity could be recognized in 
the butanol (even though about 70 per cent was actually present, as shown 
before). No explanation for the lower yield in the butanol extracts was 
found, but it was noticed that a slimy substance was formed abundantly by 
the organism during its growth and decreased considerably during-the later 
stages of the work. With the decrease of the formation of the slimy sub- 
stance, the butanol extracts vielded less and less active material. 

The expiration of a research grant has halted temporarily our attempts 
further to characterize this antibiotic. 


SUMMARY 


From cultures of an Actinomyces isolated from soil a new antibiotie sub- 
stance, sulfactin, has been obtained in crystalline form. Procedures for the 
purification and crystallization of sulfactin are given. 
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LETTERS TO THE EDITORS 


THE IN VEFRO TURNOVER OF DICARBOXYLIC AMINO 
ACIDs IN LIVER SLICE PROTEINS* 
Sirs: 

Previous studies on the incorporation of radioactive carbon dioxide into 
glveogen formed by rabbit liver slices tn vitro' indicate that the assimilated 
carbon dioxide may enter the carbohydrate molecule through the so called 
“eitric acid” eyele. The data presented below demonstrate that glutamic 
and aspartic acids or their precursors, containing carboxyl groups labeled 
with C™ in the course of CO, assimilation, have been exchanged for protein 
amino acids. 

The experimental vessels, incubated for varying times as indicated, con- 
tained about 0.25 gm. of tissue slices and 2 cc. of incubating medium (Ca = 
10, Na = 72, K = 73, Cl = 85, HCO; = 40, pyruvate™ = 40, dl-alanine = 
11 mm per liter; pH 7.5 to 7.3). After the vessels had been flushed with 
5 per cent per cent an aliquot of NasC™O,; (0.0015 mM) was 
added and the vessels were sealed. The pH of the medium generally fell 
from about 7.5 to 7.3 during the runs. At the end of the incubation period 
an equal volume of ice-cold 10 per cent trichloroacetic acid was added and 
the thoroughly ground liver tissue was washed twice with trichloroacetic 
acid solution, three times with 50 per cent aleohol-ether, and once with 
ether. The dry proteins were hydrolyzed 24 hours at 110° with 6 Nn HCl 
and the acid removed in vacuo. One portion of the hydrolysate, after 
decolorization, was decarboxylated with ninhydrin,? and the liberated CO, 
precipitated as BaCO,. A second portion was fractionated with Ba(OH)», 
and aleohol and the insoluble fraction purified by reprecipitation. The 
absence of appreciable amounts of amino acids other than aspartic and 
glutamic acids in the latter fraction was shown by the filter paper chromato- 


* This work was supported in part by a contract between Harvard University and 


_ the Office of Naval Research, and in part by a grant-in-aid from the Josiah Macy, Jr., 


Foundation. 
' Buchanan, J. M., Hastings, A. B., and Nesbett, F. B., J. Biol. Chem., 146, 715 


(1942). - 
* Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 
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gram technique. This fraction was also decarboxvlated as above. The 
liberated carbon dioxide from both the total hydrolysate and the barium 
fraction was counted as barium carbonate with an end window Geiger 
counter. 

Aspartic and glutamic acids constitute about 7 and 12 per cent of the 
liver proteins, respectively.’ If all the radioactivity of the protein hy- 
drolysate resided in the a-carboxyl group of glutamic acid and either the 
a- or y-carboxyl group of aspartic acid (both of which are liberated by 
ninhydrin), the activities in Column 5 should be about 3.0 times greater 
than the corresponding values in Column 4. Since this ratio (Column 6) 
averages 3.5, it may be concluded that essentially all of the radioactivity 


All the vessels contained approximately 450,000 counts per minute per mu of 
inorganic carbon. 


| Counts per min. per mM car- 


boxy! 
( orrected for background 
Total Dic lic 
hydrolysate acid 
(1) (2) 3) (4) (S) | (6) 
hrs. 
l 0 
2 0.5 270 4.6 
3 1.0 160 SDC 3.2 
4 3.0 1840 3.7 
5 2 mg. glutamic acid 3.0 500 10 2.6 
6 2 “ each glutamic 3.0 41D 1380 3.1 
and aspartic acide 


incorporated by the liver proteins under the conditions of these experiments 
is situated in the dicarboxylic amino acids. 


Department of Biological Chemistry Curistian B. ANPINSEN 
Harvard Medical School Anne BeLorr 
Boston A. Barmy Hastings 
A. K. SoLomon 


Received for March 18, 1047 


* Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 38, 224 (1944). 
‘ Block, R. J., in Anson, M. and Edsall, J. T., Advances in protein chemistry, 
New York, 2 (1945). 
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PREFERENTIAL UTILIZATION OF LACTOSE BY A STRAIN 
OF LACTOBACILLUS BULGARICUS* 


Sirs: 

In the course of a survey of the nutritional requirements of certain 
lactobacilli, an organism! was encountered which failed to grow in a medium 
containing all of the known nutritional essentials for lactic acid bacteria 
plus glucose and added yeast extract. Heavy growth oecurred in 16 to 24 


Preferential Fermentation of Lactose by a Strain of Lactobacillus bulgaricus 


Additions per 10 ce. medium® | 
Culture turbidity Culture turbidity 


Lactose Glucose 


per cont incident per cont incident 


* The basal medium contained, per 10 cc., tryptic casein digest ,f 30 mg.; aspara- 
gine, 1 mg.; cystine, | mg.; adenine, guanine, and uracil, 100 7 each; pyridoxal, 
thiamine, and p-aminobenzoic acid, 1 y each; calcium pantothenate, riboflavin, and 
niacin, 27 each; folic acid, 0.057; biotin, 0.01 y; Salts A and B,} 0.05 ce. each; sodium 
acetate, 60 mg.; Tween 8O,§ 10 mg.; and Difco yeast extract, 10mg. 1 mg. of cysteine 
hydrochloride was added just before autoclaving. Autoclaved 6 minutes at 15 
pounds pressure. Cooled and inoculated immediately. Ineubated at 37° for 40 
hours. 

t Roberts, E. C., and Snell, EB. b., J. Biol. Chem, 163, 499 (1946). 

t Snell, E. E., and Strong, F. M., Znd. and Eng. Chem., Anal. Ed., 11, 346 (1939). 

§ A non-toxic source of fatty acids; see Dubos, R. J., Proc. Soc. Exp. Biol. and 
Med., 68, 361 (1945); 63, 56 (1946). 


hours when whey was added. Investigation showed the effective con- 
stituent of whey to be lactose. The growth response to added lactose in 
the presence and absence of glucose is shown in the table. In the presence 
of small amounts of lactose, glucose enhances growth, although glucose 


* Supported in part by grants from Merck and Company, Inc., and the Research 
Fund of the University. Published with the approval of the Director of the Wis- 
eonsin Agricultural Experiment Station. 

‘ This organism was originally isolated from cow's milk, and has been carried 
since isolation (about 10 years) by monthly transfer in litmus milk containing calcium 
carbonate. Its general characteristics resemble those of Lactobacillus bulgaricus; 
closer examination may necessitate a change in species designation. We are indebted 
to Professor W. B. Sarles for a culture of the organism. 
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alone does not permit growth under the conditions used. A commercial 
sample of galactose was less than 3 per cent as active as lactose. Crude 
lactose, several times recrystallized lactose, and commercial 3-lactose 
were equally effective, showing that the effect was not due to an impurity. 

It has been assumed quite generally that only monosaccharides were 
directly fermented, while compound sugars were fermented only after 
preliminary hydrolysis to their component monosaccharides. “These con- 
clusions have been questioned by various investigators working with 
veast,? but urftil recently no convincing evidence to the contrary has been 
presented. Recently, however, Myrbéck and Vasseur’ have demonstrated 
that some veasts (e.g. Saccharomyces fragilis and Torula lactosa) ferment 
lactose more rapidly than equimolecular mixtures of glucose and galactose. 
In no previous instance, however. have differences of the magnitude shown 
above been observed, nor has the phenomenon been previously observed 
with bacteria. The organism is being studied further. 


Department of Biochemistry Horr Joncensen* 
College of Agriculture L. 
University of Wisconsin Esmonp FE. 
Madison 


Received for publication, Mareh 21, 1947 


? Willstatter, R., and Bamann, L., Z. physiol. Chem., 163, 202 (1926). Willstatter, 
R., and Lowry, C. D., Z. physiol. Chem., 160, 168 (1922). 

*Myrbick, K.,.and Vasseur, E., 7. physiol. Chem., 277, 171 (1943). 

‘ Rockefeller Foundation Fellow. 
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ON THE REPORTED STIMULATION OF BACTERIOPHAGE 
SYNTHESIS BY INDOLE-3-ACETIC ACID 
Sirs: 

When Escherichia coli B, grown in nutrient broth and transferred to 
a defined medium, was infected with T; bacteriophage, a prolonged latent 
period of virus multiplication and reduced yield of virus resulted, as com- 
pared to virus production when the same organisms were infected in 
nutrient broth. It was reported’ that supplementation of the defined 
medium with indole-3-acetic acid, obtained from the Eastman Kodak 
Company, stimulated virus synthesis. It has not been possible to confirm 
this stimulatory effect with a preparation of indole-3-acetie acid orginating 
from Fk. R. Squibb and Sons. Several other preparations of undetermined 
origin have failed to stimulate virus synchesis. Active and inactive prepa- 
rations possessed the same melting point. We are unable to explain the 
nature of the previously reported stimulation. 


Children’s Hospital of Philadelphia Seymour S. Conen 
Department of Pediatrics CaTHERINE B. Fow.Ler 
University of Pennsylvania 
Philadelphia 


Received for publication, March 15, 1947 


' Cohen, 8S. S., and Fowler, C. B., J. Biol. Chem., 167, 625 (1947). 
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INCREASED LIVER PHOSPHATASE ACTIVITY IN 
ALLOXAN-DIABETIC RATS 
Sirs: 

Our finding that alimentary hyperglycemia in rats induces increases in 
the activities of the acid and alkaline phosphatases of the kidney' and the 
report by Thannhauser ef al? that in glycogen disease the alkaline phos- 
phatase activity of the liver is diminished, have led us to investigate the 
activities of the acid and alkaline liver phosphatases in the experimental 


diabetic state. We have accordingly measured phosphatase activity, 
using appropriate slight modifications of the methods previously deseribed ,! 


Acid (pH 5.0) and Alkaline (pH 93) Phosphatase Activities per Gm., Wet Weight, of 
Liver Tissue 


Wee | 
No of Period Blood ' m5 Phosphatase activity 
allosas pH 9.3 
days | | me. per kr. me. P per hr. 
7 | Normal, fed | 105 | 3.22 7.85 + 0.34% |1.31 + 0.08 
4 “ 2hr. fasted | 72 | 3.30 +0.36 1.244 0.05 


| 7.66 + 0.25¢t 1.28 + 0.05+t 
3 Alloxan-diabetic,§ fed 1.7 645 | 3.48 6.8640.44 [1.34 + 0.09 
“ “ 431 3.28 9.44 OSE [1.76 + 0.073 


* Values after + = standard errors. 
t Average of the normal, fed and fasted. 
t The values for ¢ for the difference between the means of the eleven normal and 


eight alloxan-diabetic rats are for the acid and alkaline phosphatase activities 3.68 
and 5.45 respectively. These values correspond in each case to a probability, P, 
of less than 0.01 that the differences may be attributable to chance. 

§ 175 to 200 mg. of alloxan per kilo of body weight, administered subcutaneously 


to rats previously fasted for 24 to 48 hours; food then allowed ad libitum. 


in alloxan-diabetic rats. Our data indicate that in a well established 
alloxan-diabetie state (4 days or longer after alloxan administration) both 
the acid and alkaline phosphatase activities are increased significantly. 

Fasting for 24 hours had no significant effeet on the phosphatase ac- 
tivities of the livers of normal rats. In three animals sacrificed within 
2 days after alloxan administration, little change in the activities of the 


'Marsh, J. B., and Drabkin, D. L., J. Biol. Chem., 168, 61 (1947). 
*? Thannhauser, S. J., Sorkin, 8S. Z., and Boncoddo, N. F., J. Clin. Invest., 19, 
681 (1940). 
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phosphatases was found. One of the animals in this group had marked 
kidney and liver damage, and in this rat both the acid and alkaline phos. 
phatase activities of the kidney were appreciably lower than normal. This 
may be interpreted as a toxie effect of alloxan, and has been reported 
previously by Menten and Janouch.* In eight animals in which alloxan 
diabetes was well established, as judged by large outputs of glycosurie 
urine (25 to 65 ml. per day), at 4 to 14 days (average 6 days) after alloxan 
administration both the acid and alkaline phosphatase activities were 
increased, by 23 and 37 per cent respectively. The increases were highly 
significant statistically (¢ and 7?’ values in the table). 

‘These findings, indicative of increased dephosphorylation in the liver of 
alloxanized rats, suggest that the rédle of the phosphatases in carbohydrate 
metabolism in the diabetie state should be considered. 


Departments of Physiological Chemistry Daviw L. Drapxiw 
School of Medicine and the Graduate School of Medicine B. Marsa 
University of Pennsylvania 
Philadelphia 
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+ Menten, M. L., and Janouch, M., Proc. Soc. Exp. Biol. and Med., 68, 33 (1946). 
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IMPORTANCE OF CONTROLLING pH IN THE 
SCHALES AND SCHALES METHOD OF 
CHLORIDE DETERMINATION 


Sirs: 

The simple mercurimetrie method! for the rapid determination of chloride 
in biological fluids is satisfactory for neutral or slightly acid solutions but 
not for fluids of low chloride content and high alkalinity. Difficulties may 
occur, for example, with the urines of individuals receiving alkali therapy, 
having « urinary tract infection, or taking a low salt diet, or with urines that 
have been at room temperature for 24 hours or longer in which bacterial 
action has increased the alkalinity. Addition of the indicator, diphenyl- 
earbazone, to samples of this type gives a salmon-pink color; then on titra- 
tion with the standard mercuric nitrate-nitrie acid solution a deep lavender 
color appears which may not disappear before the chloride end-point is 
reached. Observations of this nature have given the impression that the 
mercurimetriec method is not applicable to chloride determinations in 
urine. 

Diphenyvlearbazone in solution is colorless at pH 6 and lower, faint pink at 
pli 7, salmon-pink at pli 8, and deep salmon-pink at pH 9 and higher. 
In the pink solutions of pI] 7 and higher the addition of mercuric nitrate 
solution immediately gives an intense lavender color, which is probably 
related to the dissociation of the mercurie complex in alkaline solutions. 

Titrations of known and unknown samples at pH values ranging from 
1.0 to 11.0 have shown the most accurate end-point in the titration to 
occur with solutions having at the beginning of the titration a pH of 4.5 
to 6.0. Inconsistent and unreliable results were obtained at pH values of 
1 and below. Loss of sensitivity with increasing acidity has been ob- 
served by Feigl? who stated that diphenvlearbazone will deteet mercury 
salts in at concentration of 0.4 mg. of Hg per 100 but that 
in 0.2 a minimal concentration of 2 mg. per 100 ml. is necessary to 
give a color with diphenyvlearbazone. 

For the chloride determination in biological fluids with low chloride 
content and high alkalinity the procedure has been modified as follows: 
If, on the addition of the diphenylearbazone indicator to the unknown 
sample a pink color develops or if the first drop of mercuric nitrate solution 


'Schales, O., and Schales, 8. J. Biol. Chem., 140, 879 (1941). 

* Hawk, P. B., Oser, B. L., and Summerson, W. H., Practical physiological chem- 
wtry, Philadelphia, 12th edition, 575 (1947). 

* Feigl, F., Qualitative Analyse mit Hilfe von Tuepfelreaktionen, Leipzig, 163 
(1038). 
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produces a lavender color, dilute (approximately 1 N) nitric acid is added 
dropwise (0.02 ml.) until the color just disappears. This leaves the solu- 
tion at approximately pll 6. The titration then can be carried out to a» 
satisfactory end-point. Care should be taken to avoid adding an excess 
of nitric acid; each drop should not exceed 0.02 ml. 


Thorndike Memorial Laboratory, Second and Fourth Sauee. P. Asren, Je. 


(Harvard) Medical Services, Boston City Hospital, and 
the Department of Medicine, Harvard Medical School 


Boston 

Chemical Research Laboratory ScHALESs 
Alton Ochsner Medical Foundation S. Scuates 
New Orleans 
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THE SEPARATION AND CHARACTERIZATION OF 
PURINES IN MINUTE AMOUNTS OF NUCLEIC 
ACID HYDROLYSATES 


Sirs: 

The biological importance of nucleic acids and nucleotides has prompted 
the elaboration of metheads for the separation and identification of their 
constituents in minute amounts. 

The separation of the purines present in nucleic acid hydrolysates was 
effected by unidimensional partition chromatography on paper, similar to 
the procedure developed for the separation of amino acids ;' in the identitica- 
tion of the individual purines use was made of their characteristic ultra- 
violet absorption spectra. The partition solvent mixture consisted of 3:1 
quinoline-collidine, saturated by being shaken with 1.5 parts of water. 
The purines, separated on the 50 em. long adsorption strips (Schleicher and 
Schill No. 507), were made visible as follows: The ether-washed paper was 
sprayed with 0.25 M mercuric nitrate in 0.5 ~ HNO,, washed with 0.5 ~ 
HNO, and water, and treated with aqueous ammonium sulfide. Clearly 
separated black spots of HgsS thus indicated the positions (from the top 
downward) of guanine, adenine, and xanthine, the Rp values' of which 
were 0.26, 0.39, O.61 respectively. As little as 5 y of purine could be 
demonstrated. 

For the spectroscopic examination of the separated purines in the Beck- 
man spectrophotometer, small rectangles were removed from an untreated 
adsorption strip (with the guidance of a parallel-treated strip), steamed to 
remove interfering traces of quinoline, and extracted with warm Nn HCl. 
The extract from a similarly treated piece of paper taken from beneath the 
adsorption zone served as blank. 

Because of the low solubility of the purines in water, acidie solutions 
(usually in 1QS8O,) were subjected to partition. At the end of the adsorp- 
tion, advantage was taken of the strong fluorescence of quinoline sulfate 
under a quartz lamp, in order to ascertain the extent of the acid zone, since 
separation was more complete when all purines had migrated below it. 
Approximately 0.3 per cent solutions of purine at pH] 1 proved best. 

The results given by three nucleic acid preparations are illustrated in the 
accompanying table, 8S mg. of the substance were treated with 0.4 ec. of 2 
percent HSO, in a sealed tube at 100° for 3 hours. The hydrolysate was 
adjusted to pI 1 with 2. ~ NaOH and subjected to separation in 0.01 ce. 
portions (corresponding to 200 y of nucleic acid). Under the conditions of 


' Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 38, 224 (1944). 
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the experiment), adenine and guanine were the only purines encountered ip 
demonstrable quantitie.. 

Details of the method, the extension of which to quantitative estimation 
is being explored, will be presented later together with studies on the 
separation of other nucleic acid constituents, 


Alnorption matima 


Preparation Hydrolysate | purines® 
before 
chromatogra phy Adenine Guanine 
Ribonucleic acid of 263 250 
Desoxyribose nucleic acid of calf thymus. Ji 263 249 
Dusenypentens nucleic acid of ox spleen. i 262.5 249.5 


* Synthetic specimens of adenine and guanine, examined in a similar way, ex. 
hibited absorption maxima at 262.5 and 249 my respectively. 


One of us (E. V.) took part in this work while holding a Swiss-American 
Student Exchange Fellowship. The investigation was aided by a research 
grant of the United States Public Health Service and by the Rockefeller 
Foundation. 
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Acetic acid: Indole-3-, bacteriophage syn- 
thesis, effect, Cohen and Fowler, 
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Monochlarophenoxy-, metabolism, Le- | 


vey and Lewis, 
Phenoxy-, metabolism, Levey and Lewis, 
213 
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carbohydrate effect, Camien, Dunn, 
and Salle, 33 
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Junowiezr-Kocholaty and Kocholaty, 
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Kocholaty and Kocholaty, 757 
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Adrenals): Cortex, hexokinase reaction, 


effect, Colowick, Cori, and Slein, 
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439 
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man and Alerander, 527 
Body fluids, Christensen, Cooper, John- 
son, and Lynch, 
Dihydroxyphenyl., oxidation, 
oxidase effect, Mason, 
Phenyl-. See Phenylalanine 
Alloxan: Diabetes, liver phosphatase, 
effect, Drabkin and Marsh, 777 
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metabolism, Brickmann and Wert. 
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Amino acid(s): Ammonia secretion, kid- 
ney tubules, réle, Lotspeich and 
Pitts, 
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Amino acid(s)—continued: 
Blood, endocrine regulation, Friedberg 
and Greenberg, 405 
~~, glyeine and alanine relation, Gut- 
man and Alerander, 527 
Intravenous administration, effect, 
Friedberg and Greenberg, 411 


Dicarboxylic, liver proteins, turnover, 
in vitro, Anfinsen, Beloff, Hastings, 
and Solomon, 771 

Exeretion, dietary protein effect, 
Pearce, Sauberlich, and Baumann, 
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Lactic acid bacteria, requirements, 
Dunn, Shankman, Camien, and 
Bloek, 

Metabolism, Gutman and Alexander, 
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Brown, Harvey, and Horwitt, 145 
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herg and Greenberg, 405 
~, intravenous administration, effect, 
Friedberg and Greenberg, 
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acid role, Lotspeich and Pitts, 611 
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Bacteria: Lactic acid, acid production, © 


carbohydrate effect, Camien, Dunn, 
and Salle, 
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Shankman, Camien, and Block, l 
~~, Vitamin requirements, Shankman, 
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Barker, and Hassid, 725 
Doudoroff, Hassid, and Barker, 733 
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tic acid effect, Cohen and Fowler, 
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Dunn, and Salle, 3B 
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Schales, hydrogen ion concentration 
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nation, micro-, Schwartz, Hawkinson, 
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Dubnoff, 493 
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Desoxyribonuclease: Bacterial virus 
properties, use in study, Cohen, 
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cinie dehydrogenase effect, Wein. 
mann, Morehouse, and Wineler, 717 

Diabetes: Alloxan, liver phosphatase, 
effect, Drabkin and Marsh, 777 

Diazonium salti(s): Organic compounds, 
basic, biological mater al, determina- 
tion, use, Brodie, Udenfriend, and 
Taggart, 327 

Dicarboxylic amino acid(s): Liver pro- 
teins, turnover, in vitro, Anfinsen, 
Reloff, Hastings, and Solomon, 771 

Dihydroxyphenylalanine: Oxidation, 
dopa oxidase effect, Mason, 133 

Dimethylaminobenzaldehyde: p-, tryp- 


ham, Smith, Hier, and Klein, 7 
Dinicotinylornithine : Nicotinamide 
metabolite, Dann and Huff, 121 
Diphosphopyridine: Nucleotide, prepara- 
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tion, LeP’ 


Disaccharide: Synthesis, enzymatic, 
Doudoroff, Hassid, and Barker, 733 
Distribution studies: Williamson and 
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and du Vigneaud, 373 


Dopa oxidase: Dihydroxyphenylalanine | 
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oxidation, effect, WVasen, 
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Endocrine(s): Blood amino acids, effect, 


Friedberg and Greenberg, 105 
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and Greenberg. 
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Enzymes) — continued. 
Disaccharide, synthesis by, Doudoroff, 
Hassid, and Barker. 733 
ilucose-transferring, sucrose phos- 
phorylase, relation, Doudereff, Bark- 
er, and Haasid, 725 
Glutamine synthesis, Speck, 108 
Liver, testosterone, effect, Samuels, 
MeCaulay, and Sellers, 477 
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Lundberg, Barnes, Clausen, Larson, 


and Burr. 374 
Mobilizing agent. urine, Wel and 
Stetlen, 120 
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terial, determination, Brodie, Uden. 
friend, Lill, and Downing, 311 

Folic acid: See also Pteroyiglutamic acid 

Formaldehyde: -Protein reaction, Fraen 
kel-Conrat, Brandon, and Oleott, 

gramicidin relation, Fraenkel. 
Conrat, Brandon, and Olcott, 
~ — indole groups, relation, Fraen- 
kel Conrat, Brandon, and Olcott, 
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Renal threshold mechanism, 
Marsh and Drabkin, 61 
Tolerance, scurvy, relation, Banerjee 
and Ghosh, 207 
Transferring, sucrose phosphorylase, 
mechanism, Douderoff, Barker, and 
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Glutamic acid: d(—)- and 1(+)-, protein 
hydrolysates, determination, Dunn, 
Camien, Shankman, and Block, 43 

Pteroyl-, related compounds and, de- 
termination, chemical, Hutchings, 
Stokstad, Boothe, Mowat, Waller, 
Angier, Semb, and SubbaRow, 705 
-, sulfasuxidine-induced deficiency, 
tyrosine oxidation, liver, Rodney, 
Swendseid, and Swanson, 305 

—, utilization, chick, Jukes and Stok- 
stad, 

Pteroyltri-, utilization, chick, Jukes 


| Indole-3-acetic acid: Bacteriophage syn. 


thesis, effect, Cohenand Fowler, 7735 
Insulin: Hexokinase reaction. effet. 
Colowick, Cori, and Slein. 
Pancreas, scurvy, relation Banerjee 
and Ghosh, mw 

Pancreatectomy and, fatty liver. 
casein effect, Chaikoff, Entenman. 

and Montgome ry, 77 


Iodine: Blood serum, determination, re. 
distilled water and amvlose use, Man 
and Siegfried, 119 
Isoserine: Absorption, gastrointestingl 


and Stokstad, 63 tract, Schofield and Lewis, 130 
Glutamine: Synthesis, enzymatic, Speck, Metabolism, Schofield and Lewis, 439 
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tion, Gutman and Alexander, 527 | Kidney: Glucose threshold, mechaniem, 
Rody fluids, Christensen, Cooper, John- | Marsh and Drabkin, 6 
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Protein hydrolysates, determination, | wer ane 
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man, Camien, and Dunn, | Drabkin, 61 
Glycogen: Liver, scurvy, relation, Tubules, ammonin secretion, amine 
Banerjee and Ghosh, acid role, Lotepeich and Pitts, 
Glycosuria: Phlorhizin, kidney phos- Nephrectomy 
phatase, Marsh and Drabkin, — 6l L 


Gramicidin: Formaldehyde-protein reac. 
tion, Fraenkel-Conrat, Brandon, 
and Olcott, 


Hexokinase: Reaction, adrenal cortex, 
anterior pituitary, and insulin, ef- 
fect, Colowick, Cort, and Slein, 583 

Hippuric acid: Synthesis, liver home- 
genate, Borsook and Dubnoff, 397 

Hydrogen: Radioactive, body water de- 
termination, use in, Pace, Kline, 
Schachman, and Harfenist, 

Hyperglycemia: Alimentary, kidney 
phosphatase, Marsh and Drabkin, 


Groups, formaldehyde-protein 
relation, Fraenkel-Conrat, 


Indole: 
reaction, 
Brandon, and Olcott, 

Tryptophane synthesis from, by Lacto- 
bacillus arabinosus, vitamin Bg role, 
Schweigert, 283 
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Labor: Blood plasma amine acid and 


amino nitrogen, Bonsnes, 

| Lactic acid: Bacteria, acid production, 
carbohydrate effect, Camicn, Dunn, 
and Salle. 
amino acid requirements, Denn, 
Shankman, Camien, and Rlaet. j 
Vitamin requirements, Shanhbmean, 
Camien, Block, Merrifield. and 
Dunn, a 


Lactobacillus arabinosus: Try ptophane 
synthesis from indole and anthranilie 
acid by, vitamin By réle, Schewetgert, 


Lactobacillus bulgaricus: Lactose utili. 
| zation, /loff Jorgensen, Williams. 
and Svell, 773 
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tion, Hoff-Jergensen, Williams, and 
Snell, 773 
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Junowicr-Keocholaty and Kocholaty, 
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Leucocyte: See Blood cell, white 
Leuconostoc mesenteroides: Glycine de 
termination, protein hydrolysates, 
use in, Shankman, Camien, and 
Dunn, 51 
Lipide(s): Phosphorus-containing, car- 
rot, Hanahan and Chaikoff, 233 
Liver: Antifatty factor, pancreas, mech- 


anism, Chaikoff, Entenman, and 
Montgomery, 177 


Enzymes, testosterone, effect, Samuels, | 


McCaulay, and Sellers, 477 
Fatty, pancreatectomy with insulin, 
casein effect, Chaikoff, Entenman, 
and Montgomery, 177 
Glycogen, scurvy, relation, Banerjee 


and Ghosh, 


Homogenate, hippuric acid synthesis, 


Borsook and Dubnoff, 307 


Phosphatase, alloxan diabetes, effect, 
Drabkin and Marsh, 
Proteins, dicarboxylic amino acids, 
turnover, in vitro, Anfinsen, Beloff, 
Hastings, and Solomon, 771 
Sugar oxidation, Wainio, 
Tyrosine oxidation,  sulfasuxidine- 
induced, pteroyiglutamic acid defi- 
ciency, Rodney, Swendseid, and Swan- 
aon, S95 


M 
Manganese: iological materials, deter- 


mination, colorimetric, micro-, 4,4°- 
tetramethyldiaminotriphenylmeth- 


ane use, Gates and Ellis, BS ae 
Melanin: (Chemistry, Mason, 433 | 
Methane: i,4'-Tetramethy Idiaminotri- | 


phenyl-, manganese determination, 
colorimetric, micro-, biological ma- 
terials, use in, Gates and Ellis, 37 
Methylnicotinamide: N'., 6-pyridone, 
urine, isolation, Anor and Gross- 


man, 


—, tryptophane conversion, vitamin 


By deficiency, effect, Schweigert and 
Pearson, 555 
Organic compounds, 


Methyl orange: 


basic, biological material, determina.- 
tion, use, Brodie, Udenfriend, and — 
Pill, 235 
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Monochlorophenoxyacetic acid(s): 
Metabolism, Levey and Lewis, 213 
Mucilage: Flaxsee:’, Anderson and Lowe, 
N 
Naphthoquinone(s): Respiration, effect, 
Ball, Anfinsen, and Cooper, 257 


Nephrectomy: Radioactive phosphorus 
metabolism, efleet, Tweedy, Chileote, 


and Patras, 507 
Nicotinamide: Dinicotinylornithine, 

| tabolite, Dann and Huff, 
 N'tMethyl-, 6-pyridone, urine. isola- 
tion, Anor and Grossman, 363 

| . tryptophane conversion, vitamin 


deficiency, effeet, Schweigert and 
Pearson, 
Nicotinic acid: Tryptophane conversion, 
vitamin By deficiency, effect, Schwei- 
gert and Pearson, 
_ Nitrogen: Amino. See Amino nitrogen 
acid, blowd plasma, Brewer, Brown, 
Harvey, and Horwitt, 
pregnancy, labor, and puer- 
perium, Bonsnes, 
Nuclease: Desoxyribe-, bacterial virus 
properties, use in study, Cohen, Stl 
Nucleic acid(s): Hydrolysates, purine 
separation and characterization, Vis- 
cher and Chargaff. 78! 
| Nucleotide: Diphosphopyridine, prep 
aration, LePage, 


Organic compound(s): Hasic, biological 


material, determination, Brodie, 
U'denfriend, and Baer, an 
Brodie, Udenfriend, Intl, and Down 
ing, Stl 
Brodie, Udenfriend, Dill, and Chen- 
hin, 319 
| Brodie, Udenfriend, and Taggart, 
327 
Brodie, Udenfriend, and Dill, 335 
Josephaon, Udenfriend, and Brodie, 
, diazonium salts, use, 
Brodie, " Udenfriend, and Taggart, 
327 
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Organic compound (s)—continued: 


Basic, biological material, determina- 


tion, 
Udenfriend, and Dill, 


etry use, Josephson, Udenfriend, 
and Brodie, 
Identification, micro, distribution 


studies, Williamson and Craig, 6S7 
Ornithine: Dinicotinyl-, nicotinamide 
metabolite, Dann and Huff, 121 
Oxidase: Dopa, dihydroxyphenylalanine 


oxidation, effect, Mason, 433 
Oxidation: 8, Levey and Lewis, 213 
P 
Pancreas: Antifatty liver factor, mech- 
anism, Chaikoff, Entenman, and 
Montgomery, 177 


Insulin, scurvy, relation, Banerjee and 
Ghosh, 
Pancreatectomy: Fatty livers, casein ef- 
feet, Chaikoff, Entenman, and Mont- 
gomer i, irri 
Parathyroid: Extract, radioactive phos. 
phorus metabolism, effect, Tweedy, 
Chilcote, and Patras, 597 
Hormone, determination, blood serum 
inorganic phosphorus relation, Tep- 
perman, L’ Heureur, and Withelmi, 
151 
, preparation, L'Heureux, Tepper- 
man, and Wilhelmi, 167 
Pectase: Tomato, Hills and Mottern, 
651 
Penicillin (s): Separation and characteri- 
zation, counter-current distribution 
use, Craig, Hogeboom, Carpenter, and 
du Vigneaud, w5 
Pepsin: Tyrosinase effect, Edman, 7 
Phenoxyacetic acid: Metabolism, Levey 


and Lewis, 213 
Phenylalanine: Chick, Grau, 485 
Grau, AS 
Phiorhizin: Glycosuria, kidney phos- 
phatase, Marsh and Drabkin, 61 
Phosphatase: Kidney, hyperglycemia, 
alimentary, Marsh and Drabkin, 
bl 


—, phlorhizin glycosuria, Marsh and 


methyl orange use, Brodie, 
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Dratkin, 61 


Phosphatase—-con(inued: 
Liver, alloxan diabetes, effect, Drab. 


kin and Marsh, ri 
335 Phosphate(s): Determination, micro. 
Soyenkoff, “7 


Phosphocreatine: Hlydrolysis, urine ere. 
atinine, relation, Borsook and Dub. 
noff, 

Phosphorus: (Containing lipides. carrot, 
Hanahan and Chaikoff, 233 

Inorganic, blood serum, parathyroid 
hormone determination, relation, 
Tepperman, L’ Heureur, and Wil. 
helmi. 151 

Radioactive, metabolism, thyroidec- 
tomy, nephrectomy, and parathy- 
roid extract administration, effect, 
Tweedy, Chileote, and Patras, 507 
uptake, calcified tissues, Veuman 
and Riley, SS 

Phosphorylase: Sucrose, bacterial, Dow 
doroff, Barker, and Hassid, 7 
Doudoroff, Hassid, and Barker, 
+, glucose-transferring action, mech. 
anism, Doudoroff, Barker, and Has- 
aid, 735 

Pituitary: Anterior, extract, hexokinase 
reaction. effect, Colowich, Cori. and 
Slein, 

Platelet: Svc Blood platelet 

Porphyrin: Copro-, isomers, urine, deter- 
mination, micro-, Schwartr, Hawkin- 
son, Cohen, and Watson, 13 

Potassium: Biological fluids, determina- 
tion, flame photometry, Orerman and 
Davis, 

Pregnancy: loo! plasma amino seid and 


amino nitrogen, Bonenes, 345 
Protein(s): -Formaldehyde reaction, 
Fraenkel-Conrat, Vrandon, and Ol- 
cott, 

gramicidin relation, Fraenkel- 
Conrat, Brandon, and Olcott, " 


—, indole groups, relation, Fraenkel- 
Conrat, Brandon, and Olcott, Ww 
Hydrolysates, d(—)- and 1(+)-glu- 
tamic acid, determination, Dunn, 
Camien, Shankman, and Block, 4% 
glycine determination, Leuconostoc 
mesenteroides use, Shankman, Cam- 
ten, and Dunn, 51 
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Proteins —conti nued: Serine—continued: 

Incomplete, amino acid excretion, ef- Iso-, absorption, gastrointestinal tract, 
fect, Pearce, Sauberlich, and Bau- Schofield and Lewis, 439 
mann, 271 —, metabolism, Schofield and Lewis, 

Liver, dicarboxylic amino acids, turn- 439 


over, in vitro, Anfinsen, Beloff, Hast- 
ings, and Sulomon, 771 
Pteroyiglutamic acid: Related com- 
pounds and, determination, chemical, 
Hutchings, Stokstad, Boothe, Mowat, 
Waller, Angier, Semb, and Subba- 
Row, 705 
Sulfasuxidine -induced deficiency, tyro- 
sine oxidation, liver, Rodney, Swend- 
seid, and Swanson, 395 
Utilization, chick, Jukes and Stokstad, 


DAS 
acid: Utilization, 
chick, Jukes and Stokstad, 53 


Puerperium: Early, blood plasma amino 
acid and amino nitrogen, Bonsnes, 
345 

Purine(s): Nucleic acid hydrolysates, 
separation and characterization, Vis- 
cher and Chargaff, 781 
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Pyramin: Excretion, thiamine ingestion 


effect, Michelsen, Caster, and Keya, 


415 


Pyridine: Diphospho.. See Diphosphe- 


pyridine 
k 


Renal: See Kidney 
Ricin: Purification and properties, Kabat, 
Heidelberger, and Bezer, 620 


Saccharide: Di-, synthesis, enzymatic, 
Doudoroff, Hassid, and Barker, 
733 
Scurvy: Glucose tolerance, relation, 
Banerjee and Ghosh, 207 
Liver glycogen, relation, Banerjee and 
Ghosh, 207 
Pancreas insulin, relation. Banerjee 


and Ghosh, 207 
Seed: Flax-. See Flaxseed 
Serine: Absorption, gastrointestinal 
tract, Schofield and Lewis, 439 


Metabolism, Schofield and Lewis, 439 
Sodium: Biological fluids, determination. 


flame photometry, Overman and 
Davis, 64) 
Soil: Bacillus. See also Actinomyces 


Steroid(s): Metabolism, Samuels, 47! 
Samuels, McCaulay, and Sellers, 

Stilbamidine: Blood, determination, flu- 

orophotometric, Saltzman, 

Urine, determination, fluorophotomet- 


ric, Saltzman, 604 
Streptidine: Streptomycin-streptobios 

amine linkage, Carter, Loo, and 

Skell, 401 


Streptobiosamine: Streptomycin strepti- 
dine linkage, Carter, Loo, and Skell, 

Ww) 

Streptomycin: Analysis, counter-current 


distribution method, Titus and 
Fried, 393 
B, Fried and Titus, 401 


Bacterial virus properties, use in study, 
Cohen, 
Streptidine-streptobiosamine linkage, 
Carter, Loo, and Skell 401 
Succinic acid: Deuterium-labeled, suc- 
cinie dehydrogenase effect, Wein. 
mann, Morehouse, and Winzler, 717 
Oxidation, sulfonic acids, structurally 
related, effect, Kiotz and Tietze, 
Succinic dehydrogenase: Succinic acid, 
deuterium-labeled, effect, Wein 
mann, Morehouse, and Winzler, 717 
Sucrose: Phosphorylase, bacterial, Dou- 
doroff, Barker, and Hassid, 725 
Deoudoroff, Hassid, and Barker, 733 
~~, glucose-transferring action, mech- 
anism, Doudoroff, Barker, and Has- 
sid, 725 
Sugar(s): Oxidation, liver, Wainio, 569 
Sulfactin: Actinomyces-produced, / uno- 
wicz-Kocholaty, Kocholaty, and Kel- 
ner, 765 
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Sulfasuxidine: -Induced pteroyliglutamic 
acid deficiency, tyrosine oxidation, 
liver, Rodney, Swendseid, and Swan- | 
son, 395 

Sulfonic acid(s): Succinic acids, struc- 
turally related, oxidation, effect, 
Klotz and Tietze, 399 


T 


Testosterone: Liver enzymes, effect, 
Samuels, McCaulay, and Sellers, 

477 

Tissue extracts, determination, Sam- 

uels, 471 
Tetramethyldiaminotriphenylmethane: 

4,4’-, manganese determination, col- 

orimetric, micro-, biological materi- 


als, use in, Gates and Ellis, 537 
Thiamine: Excretion, thiamine ingestion 
effect, Mickelsen, Caster, and Keys, 
415 
Radioactive 


Thyroparathyroidectomy : 
phosphorus metabolism, effect, 
Tweedy, Chilcote, and Patras, 597 

Tocopherol (s): a-, 8-, and 7-, fat, deposi- 
tion and antioxygenic behavior, — 
Lundberg, Barnes, Clausen, Larson, — 
and Burr, 379 

Tomato: Pectase, //ills and Mottern, 

651 

Transglucosidase: (ilucose-transferring, 
enzyme, mechanism, Doudoroff, Bar- 
ker, and Hassid, 725 

Trypsin: Chymo-, tyrosinase effect, Ed- 
man, 367 

Tyrosinase effect, Edman, 367 

Tryptophane: Determination, p-dimeth- 
ylaminobenzaldehyde use, Graham, 
Smith, Hier, and Klein. 711 

N'!-Methylnicotinamide, conversion, 
vitamin Bg deficiency, effect, Schwei- 
gert and Pearson, 555 

Nicotinic acid, conversion, vitamin Bg 
deficiency, effect, Schweigert and 
Pearson, 555 

Synthesis from indole and anthranilic — 


acid by Lactobacillus arabinosus, 
vitamin Bg, role, Schweigert, 283 
Tyrosinase: Chymotrypsin, effect, Ed- 


man, 367 
Pepsin, effect, Edman, 367 
Trypsin, effect, Edman, 367 


Tyrosine: Chick, Grau, 
Egg, Grau, 


Oxidation, liver, 
pteroylglutamic acid deficiency, Rod- 
ney, Swendseid, and Swanson, 395 

Tyrothricin: Fermentation liquors, de- 
termination, Rittenberg, Sternberg, 


and Bywater, 183 


U 


Uric acid: Blood, determination, enay- 
matic, Block and Geib, 747 
Urine: Coproporphyrin isomers, deter- 
mination, micro-, Schwartz, Hawkin- 
son, Cohen, and Watson, 133 


Creatinine, phosphocreatine hydroly- 
sis, relation, Borsook and Dubmof,, 

493 

Fat-mobilizing agent, exeretion, Weil 

129 


and Stetten, 
N!-Methylnicotinamide 6-pyridone, is- 

olation, Anozr and Grossman, 363 
Stilbamidine determination, fluoropho- 

tometric, Salfzman, 
Sugar. See aleo Glycosuria 


Virus: Bacteria, properties, streptomy- 
cin and desoxyribonuclease in study, 
Cohen, 511 

Vitamin(s): See also Thiamine 

B, deficiency, tryptophane conversion 
to N'-methylnicotinamide and nico- 
tinie acid, Schweigert and Pearson, 

555 
-, tryptophane synthesis from indole 
and anthranilic acid by Lactobacillus 


arabinosus, role, Schweigert, 283 
See also Ascorbic acid 
Lactic acid bacteria, requirements, 


"Shankman, Camien, Block, Merri- 
field, and Dunn, 23 


Water: Body, determination, radioactive 
hydrogen use, Pace, Kline, Schach- 
man, and Harfenist, 159 

Redistilled, blood serum iodine deter- 
mination, use, Man and Siegfried, 
119 
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